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A PROTOCOL FOR USING LONG-TERM STRUCTURAL HEALTH MONITORING DATA 
TO DETECT AND LOCALIZE DAMAGE IN BRIDGES 
by 
Kathryn Kaspar 
University of New Hampshire 
 
The purpose of this research is to establish a protocol for using strain gauge data to characterize 
the undamaged state of a bridge for structural health monitoring. The Powder Mill Bridge (PMB), 
which has been instrumented with strain gauges since its opening in 2009, is used as a case study. 
and the strain gauges used in this study are located at 27 different locations throughout the bridge. 
Artificial neural networks (ANNs) and linear regression are presented as methodologies for 
characterizing the relationship between the strains at each of the stations on the bridge. One linear 
regression analysis was performed as well as 60 different ANN trials, each with unique parameters 
regarding the architecture and training algorithm of the ANNs.  
The linear regression model and all 60 ANN trials were able to predict the strain at each of the 27 
stations with an average error of less than 5%. A calibrated finite element model was used to 
simulate damage in the PMB for three damage scenarios: fascia girder corrosion, girder fracture, 
and deck delamination. The models trained using the linear regression and the ANN methods were 
able to detect damage in all scenarios with damage being localized in many cases.  
Based on the results from the linear regression and ANN analyses, a recommended protocol for 
integrating a data-driven model into a bridge structural health monitoring system is outlined with 
the goal of providing a bridge owner with real-time, objective information regarding the state of 
the bridge.  
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The United States historically has had a reactionary approach to establishing and updating bridge 
inspection and maintenance protocols. 1967 saw one of the deadliest bridge collapses thus far in 
the United States when the Silver Bridge linking West Virginia and Ohio failed due to poor 
maintenance and overloading of the structure, killing 46 and injuring 9 people (National 
Transportation Safety Board, 1970). The collapse of the Silver Bridge led to the funding and 
adoption of the nation’s first bridge inspection programs, including the National Bridge Inspection 
Program (NBIP) and the Highway Bridge Replacement and Rehabilitation Program (HBRRP) 
(FHWA, 2004). Despite these programs being in place, however, the Mianus River Bridge in 
Greenwich, Connecticut collapsed as a result of a rusted pin connection between two girders, 
causing the bridge deck to crash down into the river below (National Transportation Safety Board, 
1984). The bridge failure was attributed to both non-redundant design as well as insufficient 
inspector staffing, resulting in changes to bridge protocol regarding both of these measures. One 
of the most catastrophic bridge collapses in the United States history occurred in 2007 when the 
third-busiest bridge in Minnesota, known as the I-35W or Mississippi River Bridge, collapsed as 
a result of a gusset plate failure. At the time of the failure, the Minnesota Department of 
Transportation (MnDOT) was aware of some amount of damage to the gusset plate, but no 
inspection protocol existed prior to 2007 dictating a procedure for inspecting and analyzing gusset 
plate connections.  Figure 1 shows a photograph of the buckling gusset plate nearly four years 






Figure 1. Buckling gusset plate connection (National Transportation Safety Board, 2007). 
Protocol in 2007 deemed the bridge structurally deficient yet safe for travel while construction 
repairs ensued. The MnDOT also decided to instrument the bridge with strain gauges at various 
locations to try and gather more information about the damage to the structure, with two being 
visible near the gusset plate shown in Figure 1. Some damage was already apparent at the time of 
instrumentation, however, and it was not possible for the MnDOT to quantify the extent of the 
damage that the bridge was experiencing from the data collected prior to collapse. This unfortunate 
event stresses the need for long-term structural health monitoring (SHM) of bridges nationwide, 
commencing in the development stages of the bridge. 
As of 2017, approximately 55,000 bridges in the United States are classified as structurally 
deficient, representing about 10% of bridges nationwide (FHWA, 2017). The Federal Highway 
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Association (FHWA) predicts approximately $20.5 billion annually for the next two decades is 
necessary to support rebuilding, maintenance, and rehabilitation efforts across the bridge 
infrastructure sector (FHWA, 2010). To ensure public safety, current practice dictated by the New 
Hampshire Department of Transportation (NHDOT) and FHWA requires routine inspection of 
bridge infrastructure every two years; however, significant structural failures have occurred 
despite following inspection protocol (FHWA, 1994). Biswas, et al. (1990) noted two critical 
disadvantages of the inspection protocol for bridge monitoring: the inspection could miss some 
changes in structural behavior that indicate the presence of damage or the bridge could fail in 
between the two-year inspection interval. As a result, the value of data collected via visual bridge 
inspection protocols is being scrutinized and further tools are being developed with an emphasis 
on long-term monitoring of bridge infrastructure. 
Structural health monitoring has become an increasingly important field in asset management. 
Comisu et al. (2017) estimated that a proper SHM system could yield a reduction of 25% in 
maintenance and operating costs, 30% in traffic-related costs, and 10% in total costs over the 
lifespan of the bridge. SHM allows for remote monitoring of infrastructure, often leading to 
significant savings in personnel costs and more efficient site inspections. Components of a SHM 
system include instrumentation to collect and store data regarding temperature, pH levels, 
humidity, strains, accelerations, or deflections; however, it is essential for bridge owners to be able 
to translate structural health monitoring data into useable information regarding the performance 
of the bridge. In this research, a protocol is proposed whereby a bridge owner would be able to use 





1.2. Scope of Research 
 
In this research, the Powder Mill Bridge (PMB) is used as a case study for developing a protocol 
for using strain gauge data for long-term monitoring of the structural health of a bridge. The PMB 
is approximately 150 feet long, with three spans of steel girders in composite action with a 
continuous concrete deck. Since its opening in 2009, the PMB has been instrumented with strain 
gauges, among other structural health monitoring sensors. 
Strain gauge sensors collect data each time a vehicle passes over the PMB. The strain readings 
from single-vehicle truck events collected from 2012 to 2016 are used to characterize the behavior 
of the undamaged state of the bridge. During each truck event, the strain readings are collected at 
27 different stations on the PMB. Using the 26 strain readings as inputs, a mathematical model is 
trained to predict the output strain at the 27th station. Two different methodologies for developing 
the undamaged bridge model are compared: linear regression and artificial neural networks 
(ANN). Linear regression relates the strain readings at all stations to one another using a linear 
function, while ANNs are capable of interpreting and characterizing nonlinear and complex 
relationships between the strains at the 27 stations. One model is trained using the linear regression 
analysis, while multiple different trials are performed using the ANN methodology to test specific 
parameters of the ANN. Both methodologies are mathematics-based approaches: the strain 
readings at 26 locations are used to predict the strain at the 27th location without knowing anything 
about the structure itself or the type of data being used. The MATLAB function fitlm is used to fit 
a linear regression model to the training data, while the MATLAB Deep Learning Toolbox trains 
ANNs to capture the relationship between the strains at all stations on the bridge. All results and 
graphs used in this research are compiled using either MATLAB or Microsoft Excel. 
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The first step is to test the models trained using linear regression and artificial neural networks 
under undamaged scenarios. The goal is to determine how well the models can predict the strain 
at each location on the bridge, thus establishing our confidence in the models under healthy 
conditions. Following, a calibrated finite element model (FEM) is used to simulate damage on the 
PMB. Three damage scenarios are considered: girder fracture, fascia girder corrosion, and deck 
delamination. The simulated strains from the FEM are used to determine if the trained linear 
regression and ANN models can detect and localize the different damage scenarios. Based on the 
results, a protocol for future implementation to other bridges is recommended, including the 
process for extracting strain readings from truck events, sorting truck events, model training, 
model testing, and model updating. Previous work done by Weinstein et al. (2018) showed that 
using ANNs it was possible to detect damage in a bridge, but localization was not possible for all 
scenarios.  
This research thus continues the work of Weinstein with the main contributions being (a) to 
provide justification for using a complex artificial neural network methodology in this application, 
(b) to conduct a sensitivity analysis of the ANN parameters to determine effects on damage 
detection and localization, and (c) to provide a recommended approach for future implementation 
in bridge management systems.  
 
1.3. Summary of Chapters 
 
Chapter 1 provides background information on the current state of bridge infrastructure in the 
United States and outlines the scope and goals of the research. Chapter 2 provides a literature 
review of the work that has been conducted thus far in structural health monitoring, bridge 
modeling, and linear regression and artificial neural network methodologies, followed by the 
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contributions of this research. Chapter 3 provides a discussion of the research that has been 
conducted on the Powder Mill Bridge, as well as an overview of the research setup for the linear 
regression and ANN analyses. Chapter 4 and Chapter 5 are focused on the results of the linear 
regression and artificial neural network methodologies respectively, while Chapter 6 includes a 
discussion of the results from the previous chapters, a comparison between the two methodologies, 
and a recommended protocol for future implementation. Chapter 7 provides a discussion on the 
applicability of this type of analysis to bridge management systems. A summary of the work is 













Chapter 2: A History of Structural Performance Assessment using 




In the field of structural health monitoring, there are two primary types of computer-based models 
used to analyze the health of infrastructure: physics-based models or data-driven models. Physics-
based models involve the development of a structural model, such as a finite element model 
(FEM), that considers the geometry, material properties, interactions between multiple bodies, and 
other system variables and uses that information to numerically assess possible behavior outcomes 
as a result of external forces or stresses (Kakadiaris, 1993). Data-driven models do not require any 
input knowledge about the system; instead, large amounts of response data are used to learn and 
interpret the relationships between different components of a system. In this research, data-driven 
models are proposed as a reliable method for structural health monitoring, and a physics-based 
model is used to simulate various damage scenarios on the bridge. It is thus necessary to understand 
the history behind both approaches and their applications in the field of structural health 
monitoring. 
 
2.2. Physics-Based Models in Structural Health Monitoring 
 
The application of physics-based models in structural health monitoring first became popular in 
the 1960s and 1970s as Clough (1960) and other researchers at University of California, Berkeley 
developed and refined the finite element method of analysis using modern computers. Clough and 
Wilson (1963) used the finite element method to analyze the stress distribution throughout the 
cross section of a gravity dam to corroborate the finite element method with previous research and 
simultaneously learn new information about crack propagation in concrete dams. The research of 
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Toksoy and Aktan (1994) represents an early application similar to how structural health 
monitoring is performed today: in situ testing results are analyzed in parallel with results from a 
FEM to understand the changes in the behavior of a structure over time. Research indicates that 
physics-based models are powerful at analyzing global and local structural behavior under various 
loading conditions as well as indicating the presence of damage, hence their continued use in the 
field of structural health monitoring (Kim & Kawatani, 2008; Shahidi, 2016). However, as 
modeling programs continue to change and improve, the practice of modeling itself has become 
more complex. 
There is substantial literature focusing on the process of modeling and model updating. Jaishi and 
Ren (2007) developed a protocol for updating a FEM of a precast concrete bridge under operational 
loading conditions to be used for the long-term structural health monitoring of the structure. 
Similarly, Weber and Paultre (2010) discussed the intricacies of modeling and model updating of 
a truss tower to identify damage within the structure. In another bridge application, Ribeiro et al. 
(2012) detailed the model calibration process of a tied-arch railway bridge using in situ testing 
results of mode shapes and natural frequencies. This literature indicates that despite the power and 
versatility of physics-based models, these models also tend to be more cumbersome to construct, 
require a deep understanding of the system prior to implementation, and must be continuously 
calibrated and updated to reflect changing conditions on the bridge. It can also be difficult to 
accurately model certain geometries as well as complex, indeterminate systems, thus leading to 






2.3. Data-Driven Models in Structural Health Monitoring 
 
Data-driven models rely on statistical, mathematical interpretations of data. One of the simplest 
models used in statistical analysis is linear regression. In a linear regression analysis, a model is 
trained to determine optimal coefficients relating input variables to an output variable that result 
in the lowest prediction error over the training dataset. Many relationships can be characterized 
through a linear regression analysis; in a recent example, data including building height, building 
volumes, and insulation levels were used as inputs to a linear regression model predicting the 
airtightness of houses in Canada (Khemet & Richman, 2018). In a different application, Bagirov 
et al. (2017) used a linear regression approach to predict monthly rainfall in Victoria, Australia. 
One caveat is that sufficient data must be available to be able to implement a linear regression 
analysis effectively. 
In general, mathematical models rely on large amounts of data to be able to derive relationships 
between variables. With the cost of implementing structural health monitoring systems decreasing, 
there is growing interest in using data-driven models in the structural health monitoring field. For 
example, Seo et al. (2015) used a linear regression approach and strain gauge readings as inputs to 
develop a protocol for assigning objective load ratings to steel bridges. Linear regression is the 
simplest method for characterizing the relationship between multiple variables, but it is not always 
applicable considering not all relationships between variables are linear. Since the development of 
a faster and more accurate training algorithm in the 1980s, machine learning has been used as a 




Machine learning is a type of artificial intelligence that develops a model based on data. Whereas 
a linear regression model implements an explicit learning and training algorithm, machine learning 
is used to learn relationships from large amounts of data without being explicitly programmed 
(Kim, 2017). Deep learning is a subset of machine learning where artificial neural networks 
(ANNs) are used as a methodology for implementing machine learning. Because ANNs are able 
to interpret linear and nonlinear behavior, they can be used for a wide range of purposes including 
classification, image recognition, fault detection, and e-mail spam detection (Jafari-Marandi et al., 
2017; Traore et al., 2018; Heo & Lee, 2018; Smadi et al., 2018). Hornik et al. (1987) showed that 
artificial neural networks can be used to approximate virtually any function, thus making them an 
ideal framework to study the behavior of complex infrastructure. 
In a bridge application, Huang (2010) used neural networks to predict future bridge deck 
deterioration characteristics and severity based on specific characteristics of the bridge, including 
age, maintenance history, and inspection records. Liang et al. (2016) used similar bridge features 
including age, type of structure, material, and traffic patterns as inputs into a neural network model 
predicting the life expectancy of a bridge.  
Artificial neural networks have also been used for damage detection and localization purposes. 
Smarsly et al. (2016) developed a small-scale, four-story test structure in a laboratory setting with 
one accelerometer at each story level. Using one ANN at each location, simulated damage was 
detected and localized, using various ANN properties over multiple runs. In lieu of accelerometer 
data, Kudva et al. (1992) used strain readings generated by a FEM and trained ANNs located on a 
4x4 bay to detect and localize damage. These analyses are perhaps the most similar in nature to 
the work done by Weinstein et al. (2018); however, instead of using strain readings generated by 
a finite element model, Weinstein used actual strain data from the Powder Mill Bridge to train 
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ANNs at various locations on the bridge. A calibrated FEM was then used to produce data used to 
detect and localize damage on the PMB. In Weinstein’s research, damage was detected but not 
localized for all scenarios. Furthermore, it remains unclear how the specific ANN parameters used 
in Weinstein’s analysis affect the ability of the ANNs to detect and localize damage. This research 
thus continues from the work of Weinstein (2018) by addressing these questions, with the main 
goals being (a) to compare the ability of a linear regression model to an ANN model at detecting 
and localizing damage in a bridge, (b) to determine how the characteristic parameters of the ANN 
model affect the models’ ability to detect and localize damage, and (c) to develop a recommended 
























The Powder Mill Bridge (PMB) in Barre, Massachusetts is a three-span steel-girder bridge 
connecting Vernon Ave to Massachusetts Route 122 over the Ware River (Figure 2). The steel 
girders are in composite action with a continuous concrete slab spanning 47 meters long by a width 
of 12.7 meters at the south and center spans and increasing to a width of 19 meters at the north 
abutment. Six girders are uniformly spaced at 2.25 meters, allowing for a 733-millimeter deck 
overhang.  
 
Figure 2. Powder Mill Bridge in Barre, Massachusetts (Sanayei et al., 2012). 
Since its opening in 2009, the PMB has been instrumented with 100 strain gauges, 66 temperature 
sensors, 16 bi-axial tiltmeters, and 16 accelerometers. Details regarding the decision-making 
process behind the placement and types of the structural health monitoring tools implemented on 
the PMB are discussed in Sanayei et al. (2012) and Santini-Bell et al. (2013). This array of 
structural health monitoring data can be used to measure temperature, vibration, strain and 
rotations of various local and global components of the bridge. Some sensors are continuously 
13 
 
reading and storing data, while others are controlled by a traffic-induced data collection trigger. 
The Town of Barre does not have substantial traffic flow; however, the PMB is adjacent to a waste 
management transfer station, thus heavy trucks inducing a live load on the bridge are frequent. In 
this research, the strain readings from single-vehicle, heavy truck loads, herein referred to as truck 
events, were used as the inputs to the data-driven models. Previous research at the PMB, however, 
used a variety of structural health monitoring data to assess both the current and future states of 
the bridge, as discussed in the following section. Section 3.3 then discusses the process used to 
collect and filter the strain gauge data used in this research. The chapter concludes with Section 
3.4, which gives an overview of the research setup in terms of input and output data, parameters 
tested, and the simulated damage scenarios.   
 
3.2. Previous Research Involving the Powder Mill Bridge 
 
Research involving both physics-based and data-driven models has been performed using the 
Powder Mill Bridge as a case study. During the construction phase of the bridge, Sanayei et al. 
(2012) used strain gauge data from truck load tests on the PMB to calibrate and update a finite 
element model for future structural health monitoring. Santini-Bell et al. (2013) further expanded 
upon the idea of using the calibrated finite element model to generate objective load ratings of the 
bridge based on both the observed condition of the bridge from an inspection as well as the actual 
system response of the bridge under in situ load testing. Similarly, Garcia-Palencia et al. (2015) 
developed a methodology for calibrating the stiffness, mass, and damping parameters of the finite 
element model to create a baseline behavior model of the bridge to be used for future damage 
detection. Much of this early research was targeted at using structural health monitoring data under 
service conditions in combination with a finite element model; however, as more time elapsed 
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since the opening of the bridge, data became available to explore numerical models as opposed to 
the existing finite element approaches. 
As the bridge continued to collect more data, the research focus shifted towards using data-driven 
approaches to characterize the future state of the bridge under various fatigue and damage 
scenarios. Saberi et al. (2016) used the PMB as a case study to develop a methodology for using 
strain gauge data to determine the remaining service life of bridges. Follen et al. (2014) created a 
probability-based model used to characterize the healthy state of the bridge based on the maximum 
positive and negative strain readings of truck events. The model was then tested against a set of 
truck events with simulated damage and proved capable of detecting a change between the truck 
events with simulated damage and those under undamaged conditions. It was shown that various 
degrees of deck delamination were detected by the model but the topic of localizing the damage 
was not explored. In the precursor work to the research outlined in this paper, Weinstein et al. 
(2018) used artificial neural networks to model strain gauge data to assess the performance of the 
PMB under simulated damage scenarios. The framework involving the model inputs and outputs 
was the same in this research as in Weinstein’s analysis, and thus will be discussed in detail in the 
next two sections. 
 
3.3. Data Collection 
 
A full instrumentation plan of the Powder Mill Bridge can be seen in Figure 3, with the key 
locations circled in green. The plan shows the labeling for all six girders spanning the width of the 
bridge as well as the five stations longitudinally spanning the bridge. Station 6 represents the 
approximate location at which the maximum positive bending moment occurs while Stations 2, 4, 
8, and 10 were placed on either side of the pier supports, which is the estimated location of the 
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maximum negative bending moment in the structure (Lefebvre, 2010). Larger strain readings are 
anticipated at locations where high bending stresses occur, hence the placement of the strain 
gauges at these specific locations.  
 
Figure 3. Instrumentation setup on the Powder Mill Pond Bridge (Weinstein, 2018). 
The green circles represent the 27 stations where the strain readings were extracted for this 
research. Stations 2, 4, 6, 8, and 10 each contain four strain gauges: two strain gauges were installed 
on the underside of the top flange and two strain gauges were installed on the top side of the bottom 
flange on either side of the web of the interior girders (Figure 4). In this research, the gauges on 
the top side of the bottom flange were used. Where both strain gauges were functioning, an average 
of the two readings was used at that station. On Girder 1 and Girder 6, two strain gauges were 
placed only on the interior side of the web such that the sensors would be protected from 




Figure 4. Strain gauge locations on an interior girder section (Lefebvre, 2010). 
To extract only truck events with a high signal-to-noise ratio, Follen et al. (2014) developed a 
program used on the PMB since 2012 to identify heavy truck events (maximum strain output 
greater than 39 microstrain) and then zero out the strain readings at the beginning of each truck 
event. As a result, the strain reading represents the change in strain as a result of the load induced 
by the truck and thus residual strains and temperature effects are negligible. OmegaTM 3-wire 
uniaxial strain gauges collected the strain from each truck event at a sampling rate of 50 Hz (0.2-
s intervals) to a data acquisition box located underneath the bridge (Lefebvre, 2010). Once the data 
was collected, a moving average filter of 7 samples per second was applied to the raw strain data 
to smoothen the signal readings. Weinstein et al. (2018) further processed the truck events by 
developing a program to remove truck events that included (a) more than one truck on the bridge 
and (b) a single truck event straddling the middle of the road versus within the southbound or 
northbound lane. As a result, the truck events used in this research represent single-vehicle truck 
events with a maximum positive strain at the midspan greater than 39 microstrain centered on 




3.4. Research Setup 
 
The purpose of this section is to provide an overview of the process by which the linear regression 
and neural network analyses were conducted. Both methodologies used the same dataset 
breakdowns, input/output strain relationships in the models, as well as the same damage detection 
and localization criteria such that a meaningful comparison could be made.  
Firstly, 1929 different truck events were used in this research and divided into two categories: the 
training dataset and the testing dataset. The training dataset was used to train both the linear 
regression model as well as the artificial neural networks, while the testing set was used to analyze 
the performance of the trained models. Figure 5 shows the breakdown of the two datasets used in 
this research, which was the same breakdown used by Weinstein et al. (2018).   
 
Figure 5. Breakdown of the training and testing datasets. 
The goal was to train the models to predict the output strain at a single location given the input 
strain at the 26 other locations. As a result, an individual model was trained for each location on 
the bridge, thus totaling 27 different models. For example, the left side of Figure 6 shows the 
maximum strain reading at Girder 2 Station 2 (G2-S2) and the corresponding strains at the other 
26 locations for one truck event, as well as the location of the station on the bridge. In this example, 
the dark blue star represents the target output strain while the other 26 strain readings represent the 
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input strains for the model. The right side of Figure 6 shows the input/output relationship for the 
individual model at a different station, Girder 2 Station 6 (G2-S6), showing that the inputs and 
outputs used at each station vary slightly depending on when the maximum strain occurred at that 
station. Throughout this paper, the term individual model refers to the model trained at one specific 
location whereas the final model refers to the cumulative results of the models at all 27 stations. 
 
Figure 6. Extraction of the maximum output strain at location G2-S2 and G2-S6 and the corresponding input strains 
at the other 26 locations. Adapted from Weinstein (2018). 
Each individual model was thus trained using the 1509 truck events and then tested against the 420 
truck events. If a model is trained well, it is able to predict the output strain at each location with 
minimal prediction error. MATLAB was used to train and test all models in this research, and a 
full summary of the computer hardware and software can be found in Appendix 1.  
The models were trained to predict the outcome at each location under undamaged conditions; 
however, this research focuses on the final model’s ability to detect and localize damage in the 
structure. In this research, damage is defined as a change in the relationship between the strains at 
two or more locations. It is hypothesized that under damaged conditions, the prediction errors of 
the model will be larger than in the undamaged state. To test this hypothesis, several damage 
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scenarios were developed and simulated using a finite element model. The finite element model 
was created by John Phelps using SAP2000 and included a detailed analysis and specifications 
regarding the geometry, material types, and connections as described in Sanayei et al. (2012). Prior 
to opening the bridge, a series of nondestructive load tests were performed in which a triaxle dump 
truck with known axle weights was driven across the bridge to collect strain readings at various 
locations along the bridge. Parameters of the FEM were then adjusted accordingly to calibrate the 
model to reflect the actual conditions on the bridge, thus resulting in a reliable mechanistic model. 
Once the model was calibrated and validated, the damage scenarios shown in Table 1 were applied 
to the structure in the finite element model. 
Table 1. Description of damage scenarios simulated in the finite element model. 
Damage Scenario Description 
Case 1a. 
Fascia Girder Corrosion: 5% reduction of the elastic modulus of the web of Girder 1 
across the entire length of the span 
Case 1b. 
Fascia Girder Corrosion: 15% reduction of the elastic modulus of the web of Girder 1 
across the entire length of the span 
Case 1c. 
Fascia Girder Corrosion: 25% reduction of the elastic modulus of the web of Girder 1 
across the entire length of the span 
Case 2. 
Girder 2 Fracture: A section of Girder 2 at the midspan is altered to have an elastic 
modulus close to zero 
Case 3a. 
Full Deck Delamination: 35% reduction in the elastic modulus of the deck concrete 
across the entire bridge deck 
Case 3b. 
Half Deck Delamination: 35% reduction in the elastic modulus of the deck concrete 
across the southbound deck lane 
 
Reiff et al. (2016) identified the damage scenarios above as scenarios that typical bridges are 
susceptible to and provided references to actual bridges displaying these damage conditions. Case 
1 represents varying degrees of fascia girder corrosion, whereby the exposed, exterior girders 
experience corrosion from drainage, rain, and other environmental factors. In this case, damage is 
simulated on Girder 1 across the entire length of the member in the FEM. Case 2 is the most critical 
structurally, with a girder fracture simulated at the midspan of Girder 2. This type of failure would 
likely require immediate repairs or retrofitting, as was done in the I-95 Brandywine River Bridge 
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case when an exterior girder fractured (Chajes et al., 2005). Case 3 represents full and half deck 
delamination, which was the same damage scenario applied in Follen et al. (2014). It was estimated 
that the maintenance cost of deck repairs was the equivalent to the combined total of all other 
maintenance costs on a typical bridge, emphasizing the prevalence and persistence of deck 
delamination (Lee, 2012). Early detection of damage scenarios can thus result in reduced 
maintenance costs as well as increased safety on bridges. 
The finite element model of the PMB used to simulate damage was the same model developed and 
calibrated by Sanayei et al. in 2012, and the extraction of the data followed the same protocol as 
Weinstein et al. (2018). For each damage scenario as well as in the undamaged state, a single 
simulated HS20 truck was run over the FEM centered on both the northbound and the southbound 
direction (Weinstein et al., 2018). Because an individual model was trained at each location, the 
peak strain at all 27 different locations was identified for each damage scenario and the 26 strains 
at the corresponding locations were also extracted. To determine the effects of the simulated 
damage on the FEM, the percent difference between the strains in the undamaged state and the 
strains in each damage scenario was compiled for both the southbound and northbound directions. 
The percent difference was then applied to an actual truck event to create a new truck event with 
strain readings reflecting the simulated damage. As an example, Table 2 shows the strains along 
Girder 1 in the undamaged state as well as the simulated strains for the Case 1c damage scenario 
for two truck events: one southbound event and one northbound event, since the changes in strain 
were different depending on the direction of the truck event. For the sake of efficiency, just the 
stations of Girder 1 are included in the table, but the same process is carried out for all 27 stations 
and can be found in Appendix 6. 
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Southbound Event  Northbound Event 
G1-S2 -28.0 -25.2  -11.7 -9.3 
G1-S6 30.8 26.8  13.0 8.9 
G1-S8 -20.8 -18.7  -7.7 -5.9 
G1-S10 -30.5 -27.0  -12.3 -8.7 
 
The damage simulation process is repeated to simulate damage on multiple truck events. A truck 
event that has been damaged through this process will herein be referred to as a truck event with 
simulated damage conditions, while a truck event that has been unchanged will be referred to as a 
truck event with undamaged conditions. Damage is simulated on the truck events previously set 
aside in the testing dataset, as shown in Figure 7. A total of 20 damage runs were performed in this 
research, each containing a unique breakdown of 20 truck events with simulated damage 
conditions and 400 truck events with undamaged condition. In total, the model is thus tested on 
400 unique truck events with simulated damage conditions over the course of the 20 damage runs. 
20 truck events with simulated damage conditions were used in each damage run as this represents 




Figure 7. Data breakdown for the damage runs. 
To ensure that each damage run has a unique set of 20 truck events with simulated damage 
conditions, a 20-fold cross-validation pattern is used. Cross validation involves strategically 
selecting the truck events with simulated damage conditions rather than randomly allocating events 
into the damaged and undamaged categories for each damage run, as shown in Figure 8. 
Run #1  Run #2  Run #3  Run #20 
Damaged  Undamaged  
Undamaged 
… Undamaged Undamaged 











  Damaged 
 
Figure 8. Cross-validation pattern used to select the truck events with the damaged and undamaged conditions in 
each damage run. 
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For each truck event with damaged or undamaged conditions, the final model is predicting the 
strain at all locations on the bridge and compiling the prediction errors of the model. Because the 
model is trained using truck events with undamaged conditions, the prediction errors are expected 
to be low for the truck events with undamaged conditions; however, it is anticipated that the model 
will yield higher prediction errors when predicting the strains at each station for the truck events 
with simulated damage conditions. For the 20 damage runs, the models were thus tested to 
determine if the model could detect a difference between the prediction errors from the 400 truck 
events with undamaged conditions compared to the prediction errors from 20 truck events with 
simulated damage conditions.  
Damage detection is herein defined as the ability of the trained models to detect a difference 
between the prediction errors of the truck events with undamaged conditions and the prediction 
errors of the truck events with simulated damage conditions using a Wilcoxon rank-sum test. A 
Wilcoxon rank-sum test is a method used to determine if two groups of data are statistically 
different; as a result, the applicability of this type of analysis is wide-ranging. Woolley et al. (2018) 
used the Wilcoxon rank-sum test to determine if the temperature resulting from radiant cooling 
was statistically different from the temperature resulting from all-air cooling; Juan-Blanco et al. 
(2018) used the Wilcoxon rank-sum to identify differences in the drug response of cancer cell 
lines. Most importantly, Mann and Whitney (1947) noted that the Wilcoxon rank-sum test is 
applicable and effective when comparing two differently sized groups of data. 
In this application, the null hypothesis of the Wilcoxon rank-sum test is that the group of prediction 
errors from the 400 truck events with undamaged conditions and the group of prediction errors 
from the 20 truck events with simulated damage conditions have the same median and distribution 
at all locations without assuming a particular distribution. A Type I error in this analysis would be 
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false damage detection in the undamaged case while a Type II error would be a failure to identify 
damage. When using a significance level of 0.1%, Weinstein et al. (2018) noted that no Type I or 
Type II errors occurred during the damage detection analysis, thus the same significance level and 
testing methodology was implemented in this research. If the final model was able to detect a 
difference between the prediction errors of the 20 truck events with simulated damage conditions 
and the prediction errors of the 400 truck events with undamaged conditions in any of the damage 
runs, it was determined that damage was effectively detected.  
Damage localization herein refers to the models’ ability to indicate the location on the bridge at 
which the damage scenario was simulated, both longitudinally and transversely. For example, Case 
1 consisted of corrosion applied to Girder 1; as a result, the largest prediction errors generated by 
the final model located anywhere along Girder 1 would indicate that the final model had effectively 
localized damage. 
In the damage detection analysis, northbound and southbound events were analyzed jointly; 
however, the two types of events were separated to analyze the final model’s ability to localize 
damage. When the FEM was used to simulate damage, it was noted that in some damage scenarios 
the changes in strain at a station varied depending on the direction of the truck event. For example, 
Figure 9 shows the percent difference between the strains from a truck event with undamaged 
conditions and the strains from a simulated Case 2 truck event with simulated damage conditions. 




Figure 9. Change in strain after Case 2 damage was simulated on a southbound and northbound truck event. 
In this scenario, both the northbound and southbound truck events showed that the strain at G2-S6 
decreased by approximately 50% after the damage was simulated, which is the location of the 
induced damage. However, discrepancies in the strains between the northbound-induced and the 
southbound-induced strains can be seen at Girder 1 and Girder 6. Similarly, Figure 10 shows the 
percent difference between the strains from a truck event with undamaged conditions and the 
strains from a simulated Case 3b truck event with simulated damage conditions, also at the time 




Figure 10. Change in strain after Case 3b damage was simulated on a southbound and northbound truck event. 
The figure indicates that when a northbound truck event was run on the FEM, the effects of the 
Case 3b southbound deck delamination resulted in an almost 80% decrease in strain at location 
G4-S2; however, the southbound truck running over the bridge under the same damage conditions 
resulted in a slight 2% increase in strain at G4-S2 as well as major decreases in strain at locations 
along Girder 6. This behavior is related to the way in which bridges distribute loads, and clearly 
indicates that the change in strain at the various locations due to the simulated damage differed 
greatly depending on the direction of the truck event. It was thus determined that the direction of 
the truck event may affect the final model’s ability to localize damage, hence the need for 
separating the localization results of the northbound and southbound events.  
Damage localization was assessed individually for the 20 truck events with simulated damage 
conditions in all 20 damage runs, thus totaling 400 truck events with simulated damage conditions. 
The final models were evaluated to determine the percentage of the 186 northbound events and 
214 southbound events for which the model was able to localize each damage scenario. Further 
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Artificial neural networks involve a complex training algorithm that requires significant 
computational time and computer storage to execute; as a result, linear regression is proposed as a 
simpler method for detecting and localizing damage in the Powder Mill Bridge. Linear regression 
is a form of analysis that uses one or more independent variables to predict the outcome of a 
dependent variable. In its most basic form, the relationship between a single independent variable 
(x) and a dependent variable (y) can be expressed by Equation 1 (Bowerman & Murphree, 2014):  
𝑦 =  𝛽0 + 𝛽1𝑥 + ɛ              (1) 
The coefficient β0 represents the value of y when x equals zero, while β1 describes the relationship 
between y and x. The prediction error, ɛ, represents the difference between the actual value and the 
predicted value of y. A linear regression model is trained to determine the settings of β0 and β1 
which minimizes the prediction error over the training dataset. This research uses linear regression 
as a tool for modeling the relationship between strain gauge readings at multiple locations on the 
PMB during single-vehicle truck events. 
As shown in Figure 11, 1509 truck events were used for training the regression model and 420 
events were set aside for testing the model. The prediction errors of the model for all 420 testing 
events were then compiled in Section 4.2 to test how well the model performed against truck events 





Figure 11. Data breakdown of the 1929 total truck events. 
After training under undamaged conditions, the model was tested under the following damage 
scenarios: fascia girder corrosion, girder fracture, and deck delamination. The results from the 
finite element model were used to simulate the damage scenarios on the PMB, as explained in 
Section 3.4. A total of 20 damage runs were performed, each with 20 truck events with simulated 
damage conditions and 400 truck events with undamaged conditions. The truck events with 
simulated damage conditions were treated the same as those with undamaged conditions; the goal 
of the model was to predict the strain at each station along the bridge given the input strains at the 
other locations. It was hypothesized that the prediction error of the model would be larger at the 
location of simulated damage. The prediction errors of the individual models at each location were 
thus compiled for all truck events with simulated damage conditions and used to evaluate whether 
the final regression model was able to both detect and localize damage for the three damage 
scenarios. Section 4.3 contains the results of the final linear regression model’s ability to detect 
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damage, while Section 4.4 contains the results of the model’s ability to localize damage. Finally, 
Section 4.5 contains a summary and discussion of the results as well as any conclusions that could 
be drawn. 
4.2. Model Training 
 
The inputs used in this model consist of the strain readings at 27 stations on the Powder Mill Bridge 
from 1509 single-vehicle truck events. For each event, the maximum strain reading at each location 
was extracted, as well as the corresponding readings at the other 26 locations at that time as 
discussed in Section 3.4. In this application of linear regression, 26 independent variables (x) were 
used to predict the single dependent variable (y) at each location on the bridge; thus, one unique 
linear regression model was trained for all 27 stations. When referring to a specific linear 
regression model at one station, the model will thus be referred to as an individual linear regression 
model. Each individual linear regression model had different inputs and outputs, and thus the 
MATLAB function fitlm was used to fit each individual linear regression model to generate the 
lowest prediction errors over the 1509 training events. The final linear regression model will 
henceforth be used when referring to the performance of the model at all stations cumulatively. 
Using Girder 1 Station 2 as an example of an individual linear regression model, Equation 2 
represents the multiple regression equation for predicting the strain at the location of Girder 1 
Station 2, where β represents the constant coefficients, x represents the input variables, and ɛ 
represents the error term: 
𝑦𝐺1−𝑆2 =  𝛽0 + 𝛽1𝑥𝐺1−𝑆6 + 𝛽2𝑥𝐺1−𝑆8 + ⋯ + 𝛽25𝑥𝐺6−𝑆8 + ɛ                       (2) 
After the individual linear regression models were trained for each location, the 420 events were 
used to compile the average prediction errors at each station. Table 3 shows the average prediction 
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errors at each station for the final linear regression model, as well as the lower and upper bounds 
of the 95% confidence interval. 













G1 – S2 0.381 2.95% -1.36 0.85 
G1 – S6 1.916 12.44% -3.85 5.78 
G1 – S8 0.312 4.34% -0.82 0.79 
G1 – S10 0.459 4.09% -1.76 1.20 
G2 – S2 0.964 3.33% -2.79 2.17 
G2 – S4 0.775 4.37% -2.34 3.21 
G2 – S6 1.587 3.73% -6.09 3.61 
G2 – S8 0.560 3.12% -1.37 1.43 
G2 – S10 0.678 2.19% -1.81 2.18 
G3 – S2 1.646 4.41% -4.05 4.79 
G3 – S4 0.472 1.54% -1.15 1.13 
G3 – S6 1.232 2.11% -2.43 5.60 
G3 – S8 0.596 2.30% -1.76 1.44 
G3 – S10 0.780 1.92% -3.27 2.63 
G4 – S2 1.058 2.85% -2.86 2.36 
G4 – S4 0.425 1.70% -1.31 1.14 
G4 – S6 1.399 2.81% -3.58 2.96 
G4 – S8 0.644 2.83% -1.46 1.33 
G4 – S10 1.107 3.69% -2.36 2.42 
G5 – S2 0.378 1.78% -1.00 0.75 
G5 – S6 1.176 4.54% -3.12 3.60 
G5 – S8 0.436 3.69% -1.61 1.35 
G5 – S10 1.427 8.89% -3.35 3.52 
G6 – S2 0.272 4.50% -0.76 0.73 
G6 – S4 0.198 5.85% -0.58 0.54 
G6 – S6 0.599 5.62% -1.82 1.52 
G6 – S8 1.742 28.22% -8.46 8.76 
AVERAGE 0.860 4.81%   
 
The average prediction error of all stations is roughly 1 microstrain or 5% of the strain reading, 
indicating that the final linear regression model is predicting the output strain with reasonable 
accuracy. The lower and upper bound of the confidence interval represent the boundaries between 
which the 95% of the prediction errors fall between when predicting the output strain. It can thus 
be seen that although the average prediction error is roughly 5%, there is a lot of variability in the 
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prediction error at each station, especially at station G6-S8. Weinstein (2018) also noted high 
prediction errors at station G6-S8; further investigation into the effects of this station on the 
individual model’s prediction errors are analyzed in Chapter 5.  
 
4.3. Damage Detection Results 
   
To determine the final linear regression model’s ability to detect damage, a Wilcoxon rank-sum 
test was performed for each damage run of the individual linear regression models. The goal of 
this test was to determine if there is a statistical difference between the prediction errors of the 20 
truck events with simulated damage conditions and the prediction errors of the 400 truck events 
with undamaged conditions at each station on the bridge. The damage scenario is also compared 
to an undamaged case, where all 420 events remain undamaged. For this test, a significance level 
of 0.1% is used – thus, when the p-value is less than 0.001, it can be said with 99.9% certainty that 
damage was detected at that station. Damage detection is evaluated for the following damage 
scenarios: fascia girder corrosion, girder fracture, and deck delamination.  
4.3.1. Damage Detection of Case 1: Corrosion on Fascia Girder 1 
 
In this damage scenario, corrosion has been simulated across the entire length of Girder 1. Case 
1a represents a subtle 5% reduction in the elastic modulus of Girder 1, while Case 1b and Case 1c 
represent 15% and 25% reductions in the elastic modulus respectively. The results of the Wilcoxon 
rank-sum test are displayed in Table 4. The p-value indicated represents the mean value from the 
20 damage runs for the three varying levels of girder corrosion as well as for the undamaged 
scenario. Similarly, the percentage of the 20 total damage runs with detected damage was 
calculated for each station.   
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Table 4. Damage detection results for Case 1 using the linear regression model. 
Sensor Location 
Mean p-value 
 Percentage of Runs with  
Detected Damage 
Case U Case 1a Case 1b Case 1c Case U Case 1a Case 1b Case 1c 
G1-S2 0.570 7.40E-02 1.21E-03 3.55E-07  0 25 95 100 
G1-S6 0.551 9.26E-02 3.29E-02 4.99E-03  0 15 20 75 
G1-S8 0.553 5.74E-02 4.82E-03 9.73E-05  0 15 65 100 
G1-S10 0.489 8.02E-07 7.74E-09 1.13E-09  0 100 100 100 
G2-S2 0.520 4.83E-02 5.40E-05 3.52E-08  0 25 100 100 
G2-S4 0.497 1.02E-06 2.72E-12 2.31E-12  0 100 100 100 
G2-S6 0.558 3.96E-09 1.43E-11 3.97E-12  0 100 100 100 
G2-S8 0.547 1.20E-02 3.12E-02 6.41E-02  0 40 35 45 
G2-S10 0.529 9.67E-04 1.91E-07 8.01E-10  0 75 100 100 
G3-S2 0.528 4.38E-02 5.65E-03 2.36E-04  0 20 60 95 
G3-S4 0.483 1.29E-02 1.18E-06 3.06E-08  0 60 100 100 
G3-S6 0.445 4.96E-08 5.72E-09 1.22E-09  0 100 100 100 
G3-S8 0.466 4.79E-02 2.89E-03 1.94E-04  0 30 55 90 
G3-S10 0.472 5.72E-04 7.90E-09 2.58E-12  0 90 100 100 
G4-S2 0.537 5.03E-02 1.11E-02 7.14E-03  0 60 95 95 
G4-S4 0.383 5.49E-04 2.28E-12 2.92E-12  0 80 100 100 
G4-S6 0.484 5.15E-01 4.55E-01 3.83E-01  0 0 0 0 
G4-S8 0.537 5.82E-01 6.48E-02 2.31E-03  0 0 25 70 
G4-S10 0.428 3.70E-01 2.23E-01 1.81E-01  0 0 5 15 
G5-S2 0.509 2.28E-01 8.95E-03 3.13E-03  0 10 60 70 
G5-S6 0.463 9.88E-02 4.83E-02 2.12E-02  0 30 50 65 
G5-S8 0.534 2.02E-01 6.90E-03 2.05E-04  0 5 55 90 
G5-S10 0.472 2.69E-01 2.18E-04 1.66E-04  0 0 90 90 
G6-S2 0.353 3.15E-01 3.00E-01 3.55E-02  0 0 5 55 
G6-S4 0.436 4.85E-01 4.46E-01 4.60E-01  0 0 0 0 
G6-S6 0.489 3.96E-01 1.21E-01 7.95E-02  0 5 20 35 
G6-S8 0.493 4.62E-01 3.89E-01 3.07E-01  0 25 95 100 
 
A p-value greater than 0.001 indicates that no difference was detected between the prediction 
errors of the 20 truck events with simulated damage conditions compared to the prediction errors 
of the 400 truck events with undamaged conditions. In the undamaged scenario, Case U, the 
average p-value at all stations was roughly 0.5 which indicated that no difference was detected 
between the 20 truck events with undamaged conditions set aside compared to the other 400 other 
truck events with undamaged conditions for all 20 damage runs, as expected. When damage was 
simulated, however, the p-value of the 20 truck events with simulated damage conditions 
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decreased to below the 0.001 threshold at many locations in Case 1a, Case 1b, and Case 1c. In 
Case 1a with just 5% girder corrosion, the average p-value was less than 0.001 at 7 different 
stations, indicating a high probably of detected damage. As expected, the model was able to detect 
damage from more stations in Case 1b and Case 1c, having 10 and 15 stations with p-values less 
than 0.001 respectively.  
The same trends can be seen when looking at the percent of damage runs with detected damage. 
There are 4 stations in Case 1a that detected damage in 100% of the damage runs, indicating a high 
probability of damage. Furthermore, more stations detected damage in Case 1b and Case 1c as the 
severity of damage increased. When looking at either the p-value or the percent of damage runs 
with detected damage, the stations closer to Girder 1 were more likely to detect damage than those 
further away on the bridge.  
4.3.2. Damage Detection of Case 2: Girder 2 Fracture 
 
The fracturing of Girder 2 is the most severe damage scenario considered in this research, as the 
damage was simulated by reducing the elastic modulus close to zero at the midspan of the girder. 
With Girder 2 being located directly below the southbound traffic lane, it was expected that 
damage of this severity will be easily detected. Table 5 gives the average p-value from the 
Wilcoxon rank-sum test as well as the percentage of damage runs where damage was detected. 
Table 5. Damage detection results for Case 2 using the linear regression model. 
Sensor Location 
Mean p-value 
 Percentage of Runs with  
Detected Damage 
Case U Case 2 Case U Case 2 
G1-S2 0.570 4.40E-01  0 0 
G1-S6 0.551 2.77E-02  0 15 
G1-S8 0.553 1.25E-06  0 100 
G1-S10 0.489 2.36E-01  0 5 
G2-S2 0.520 2.15E-04  0 95 





 Percentage of Runs with  
Detected Damage 
Case U Case 2 Case U Case 2 
G2-S6 0.558 5.11E-14  0 100 
G2-S8 0.547 1.70E-10  0 100 
G2-S10 0.529 3.74E-01  0 0 
G3-S2 0.528 4.90E-01  0 0 
G3-S4 0.483 5.59E-11  0 100 
G3-S6 0.445 5.30E-14  0 100 
G3-S8 0.466 1.64E-07  0 100 
G3-S10 0.472 6.79E-02  0 25 
G4-S2 0.537 2.88E-04  0 95 
G4-S4 0.383 1.94E-03  0 95 
G4-S6 0.484 6.11E-11  0 100 
G4-S8 0.537 7.30E-10  0 100 
G4-S10 0.428 1.64E-01  0 25 
G5-S2 0.509 3.28E-09  0 100 
G5-S6 0.463 1.63E-06  0 100 
G5-S8 0.534 1.09E-01  0 5 
G5-S10 0.472 8.66E-03  0 75 
G6-S2 0.353 3.27E-03  0 75 
G6-S4 0.436 7.13E-06  0 100 
G6-S6 0.489 2.73E-03  0 90 
G6-S8 0.493 6.26E-03  0 0 
 
The p-value of 14 stations was less than 0.001, indicating a clear consensus that damage was 
detected on the structure; likewise, 11 stations detected damage in 100% of the damage runs. It 
can also be seen that the stations with the lowest p-value and highest percentage of damage runs 
with detected damage were located closest to the induced damage: G2-S6 and the adjacent stations.  
4.3.3. Damage Detection of Case 3: Deck Delamination 
 
The third damage scenario, deck delamination, also employed varying degrees of severity. Case 
3a represents full deck delamination, whereby a 35% reduction to the elastic modulus of the deck 
concrete was applied across the entire width of the bridge deck over a longitudinal length of 16 
meters. The less severe scenario was Case 3b, which considered deck delamination applied only 
to the southbound lane. The full damage detection results from Case 3a and Case 3b can be found 
in Table 6.  
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Table 6. Damage detection results for Case 3 using the linear regression model. 
Sensor Location 
Mean p-value 
 Percentage of Runs with  
Detected Damage 
Case U Case 3a Case 3b Case U Case 3a Case 3b 
G1-S2 0.570 2.18E-03 3.25E-03  0 85 65 
G1-S6 0.551 8.33E-03 3.19E-02  0 70 30 
G1-S8 0.553 3.52E-01 2.93E-01  0 0 0 
G1-S10 0.489 3.87E-01 2.96E-01  0 5 0 
G2-S2 0.520 1.13E-05 1.12E-01  0 100 10 
G2-S4 0.497 3.27E-01 4.01E-10  0 5 100 
G2-S6 0.558 3.97E-01 4.47E-01  0 0 0 
G2-S8 0.547 1.83E-04 5.14E-01  0 95 0 
G2-S10 0.529 4.00E-01 2.27E-01  0 5 5 
G3-S2 0.528 2.35E-01 5.02E-01  0 0 0 
G3-S4 0.483 4.30E-01 6.92E-05  0 5 95 
G3-S6 0.445 2.05E-03 2.24E-01  0 60 5 
G3-S8 0.466 4.96E-02 1.76E-01  0 20 0 
G3-S10 0.472 3.81E-03 4.85E-01  0 75 0 
G4-S2 0.537 3.27E-01 1.58E-02  0 0 95 
G4-S4 0.383 3.27E-01 1.95E-12  0 5 100 
G4-S6 0.484 3.20E-01 3.66E-01  0 5 0 
G4-S8 0.537 3.52E-01 1.75E-04  0 5 90 
G4-S10 0.428 2.08E-01 2.48E-02  0 5 50 
G5-S2 0.509 1.63E-01 9.67E-04  0 15 85 
G5-S6 0.463 3.72E-02 3.33E-01  0 40 0 
G5-S8 0.534 3.59E-01 3.04E-04  0 0 95 
G5-S10 0.472 2.64E-01 1.24E-03  0 15 90 
G6-S2 0.353 1.22E-04 4.54E-01  0 95 0 
G6-S4 0.436 1.16E-06 2.55E-02  0 100 50 
G6-S6 0.489 2.61E-01 3.89E-01  0 25 5 
G6-S8 0.493 7.08E-02 2.18E-01  0 20 0 
 
The results from Table 6 indicate that the final linear regression model detected damage at more 
stations when only southbound delamination was imposed rather than deck delamination imposed 
on the entire width and length of the main bridge span. For Case 3a, the deck delamination applied 
on both lanes of the bridge, the mean p-values were below 0.001 at four stations; still, two stations 
were able to detect damage in 100% of the damage runs, thus indicating that damage was 
effectively detected in this scenario. Damage was detected at more stations for Case 3b: p-values 
below 0.001 were registered at six stations, while two of those stations were able to detect damage 
in all 20 damage runs.  
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4.4. Damage Localization Results 
 
The final linear regression model was considered to have successfully localized damage if the 
prediction error at each station when tested on the truck events with simulated damage conditions 
was largest at the longitudinal and transverse location where the simulated damage was imposed. 
A positive prediction error indicates that the strain predicted by the linear regression model was 
greater than the actual strain at that location, while a negative prediction error indicates that the 
strain predicted by the linear regression model was less than the actual strain at that location; 
however, the absolute value of the prediction errors was considered to determine the location of 
the largest prediction error of the model. To determine whether the damage scenario was 
effectively localized, the specific criteria shown in Table 7 were used for each damage scenario. 
There was no evaluation of the model’s ability to localize damage for Case 3a, as this scenario 
involved deck delamination across the entire width and length of the main bridge span. 
Table 7. Description of damage scenarios and corresponding criteria to determine if damage was localized. 
Damage Scenario Description Localization Criteria 
Case 1a. 
Fascia Girder Corrosion: 5% reduction of the 
elastic modulus of the web of Girder 1 across 
the entire length of the span 
Largest prediction error anywhere 
along Girder 1 
Case 1b. 
Fascia Girder Corrosion: 15% reduction of the 
elastic modulus of the web of Girder 1 across 
the entire length of the span 
Largest prediction error anywhere 
along Girder 1 
Case 1c. 
Fascia Girder Corrosion: 25% reduction of the 
elastic modulus of the web of Girder 1 across 
the entire length of the span 
Largest prediction error anywhere 
along Girder 1 
Case 2. 
Girder 2 Fracture: A section of Girder 2 at the 
midspan is altered to have an elastic modulus 
close to zero 
Largest prediction error at the 
midspan of Girder 2 
Case 3a. 
Full Deck Delamination: 35% reduction in the 
elastic modulus of the deck concrete across 
the entire bridge deck 
Not applicable 
Case 3b. 
Half Deck Delamination: 35% reduction in the 
elastic modulus of the deck concrete across 
the southbound deck lane 
Largest prediction error anywhere 




Because the damage runs included 20 truck events with simulated damage conditions over 20 runs, 
the results from a total of 400 truck events with simulated damage conditions were compiled. The 
prediction error (in percentage) between the strain predicted by the linear regression model 
compared to the actual strain simulated by the FEM was thus computed for all 400 truck events 
with simulated damage conditions. As discussed in Section 3.4, the northbound and southbound 
truck events with simulated damage conditions were analyzed separately due to the fact that 
damage simulated using the bridge FEM indicated a different response at each station depending 
on the direction of the truck event.  The final linear regression model was thus evaluated to 
determine the percentage of the 186 northbound events and 214 southbound events for which the 
model was able to localize damage for each damage scenario. 
4.4.1. Damage Localization of Case 1: Corrosion on Fascia Girder 1 
 
Localization in Case 1 was analyzed for a 5%, 15%, and 25% reduction in elastic modulus of 
Girder 1; damage is considered localized in all cases if the largest prediction error occurs anywhere 
along Girder 1. As an example, Figure 12 shows the prediction error at each station for one 
northbound truck event with simulated damage conditions compared to the prediction error of one 




Figure 12. Prediction error of the final linear regression model for a Case 1a northbound truck event with 
simulated damage conditions. 
As shown in the figure, the truck event with undamaged conditions produced prediction errors of 
approximately 5% at each station. The truck event with simulated damaged conditions, however, 
yielded a prediction error from the model of over 100% at G1-S8, as well as noticeable prediction 
errors at various locations along Girder 2 as well. On the girders furthest away from the damage, 
little prediction error was found. For this truck event with simulated damaged conditions, damage 
was considered to be effectively localized because the largest prediction error of 108% occurred 
at a station along Girder 1. This process was then repeated for all 186 northbound truck events 
with simulated damage conditions. 
The damage localization was then analyzed for all 214 southbound truck events with simulated 
damage conditions. Figure 13 shows a sample southbound truck event that was damaged under the 




Figure 13. Prediction error of the final linear regression model for a Case 1a southbound truck event with 
simulated damage conditions. 
In the figure above, the largest prediction error of 22% occurred at station G6-S8, while prediction 
errors of 14% occurred on Girder 1 and Girder 4. In this example, the average prediction errors of 
the model from the southbound truck event with simulated damage conditions were larger than the 
prediction errors from a sample truck event with undamaged conditions; however, the largest 
prediction error occurred at station G6-S8 and therefore damage was not considered to be 
effectively localized for this truck event with simulated damaged conditions.  
Damage localization results were compiled for the 186 northbound and 214 southbound truck 
events with simulated damage conditions. Table 8 shows the percentage of truck events with 
simulated damage conditions for which damage was effectively localized for 5% corrosion, 15% 




Table 8. Percentage of northbound and southbound truck events that effectively localized damaged for Case 1. 
 Case 1a Case 1b Case 1c 
Northbound Events 98.9% 98.9% 98.9% 
Southbound Events 5.6% 0.0% 0.0% 
 
Table 6 indicates that damage was effectively localized for most northbound truck events but for 
just a few southbound truck events in Case 1a. 
4.4.2. Damage Localization of Case 2: Girder 2 Fracture 
 
The localization criterium for Case 2 was that the largest prediction error must occur at the midspan 
of Girder 2 (G2-S6) to be considered effectively localized. Figure 14 shows the prediction errors 
of a sample northbound truck event with simulated Case 2 damage compared to the prediction 
errors of a truck event with undamaged conditions. 
 




For this truck event with simulated damaged conditions, the largest prediction error of 150% can 
be clearly seen at G2-S6 and thus damage was effectively localized. A sample southbound truck 
event with simulated damaged conditions can likewise be seen in Figure 15 below. 
 
Figure 15. Prediction error of the final linear regression model for a Case 2 southbound truck event with simulated 
damage conditions. 
While a 116% prediction error did occur at G2-S6, a larger prediction error of 230% occurred at 
G5-S10 as shown by the figure. For this sample southbound truck event with simulated damaged 
conditions, damage was not effectively localized. Table 9 shows the percentage of northbound and 
southbound truck events with simulated damage conditions for which the Case 2 damage scenario 
was localized. 
Table 9. Percentage of northbound and southbound truck events that effectively localized damaged for Case 2. 
 Case 2 
Northbound Events 98.4% 




For Case 2, damage was effectively localized for most northbound events and some southbound 
events; however, the northbound events clearly outperformed the southbound events as was seen 
in Case 1. 
4.4.3. Damage Localization of Case 3: Southbound Deck Delamination 
 
The final damage scenario evaluated was deck delamination in the southbound lane. Damage was 
considered to be effectively localized if the largest prediction error of the final linear regression 
model occurred anywhere along Girder 1 or Girder 2, the two girders located below the southbound 
lane of the bridge. Figure 16 shows the prediction errors of a sample northbound truck event with 
southbound deck delamination. 
 
Figure 16. Prediction error of the final linear regression model for a Case 3b northbound truck event with 
simulated damage conditions. 
For this truck event, the largest prediction errors of approximately 14% occurred at Girder 1 and 
Girder 2, thus effectively localizing damage for this event. The scale of the graph was set to match 
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the scale in Figure 17 showing the prediction errors of the corresponding southbound truck event 
with the same deck delamination. 
 
Figure 17. Prediction error of the final linear regression model for a Case 3b southbound event truck events with 
simulated damage conditions. 
In this damage scenario, a prediction error of approximately 70% occurred at Girder 2, while much 
larger prediction errors of 160% and 300% occurred at Girder 4 and Girder 5 respectively. While 
large prediction errors were noted at Girder 2, the largest were detected at Girder 5 and thus 
damage was not effectively localized for this southbound truck event with simulated damaged 
conditions. Looking at all 400 truck events with simulated damage conditions, Table 10 shows the 
percentages of northbound and southbound truck events for which damage was effectively 
localized. 
Table 10. Percentage of northbound and southbound truck events that effectively localized damaged for Case 3b. 
 Case 3b 
Northbound Events 96.2% 




For the case of southbound deck delamination, the final linear regression model was only able to 
localize damage in the northbound truck events with simulated damage conditions, while the 





The training phase of the linear regression model indicated that the model was able to predict the 
strains at each station on the bridge with approximately 5% prediction errors, which is quite 
reliable for a simple regression model. The 95% confidence intervals, however, indicate that there 
was a large variability in the prediction errors of the truck events with undamaged conditions. This 
shows that despite average prediction errors of 5%, there are some truck events with undamaged 
conditions for which prediction errors could be as high as 150% at some locations; it is thus 
difficult to have confidence in the prediction errors of the model. 
The damage detection results, however, indicate that the final linear regression model was able to 
detect damage in all damage scenarios while not detecting any damage when tested on truck events 
with undamaged conditions. There were thus no Type I or Type II errors in the damage detection 
analysis. Furthermore, there were multiple stations in each damage scenario that were able to detect 
damage in 100% of the damage runs. As the 20 truck events with simulated damage conditions in 
each damage run represents approximately one week’s worth of truck events on the PMB, it can 
be said that the linear regression model effectively detected damage in all scenarios when tested 
with one week’s worth of data.  
The results from the damage localization analysis were less conclusive. The northbound truck 
events proved highly reliable at localizing damage for all damage scenarios, with damage 
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effectively localized for approximately 98% of the truck events. The southbound truck events were 
inconclusive; most southbound truck events did not localize damage under the damage criteria 
used in this analysis. This could be because either (a) the trained model does not capture the 
undamaged behavior well, or (b) the model is capturing the behavior well but the effects of the 
damage are not reflected well given the specific damage localization criteria used. Further 

























The goal of the artificial neural networks is the same as when using the linear regression method: 
given inputs x, the neural network is trained to predict the output y as a function of the input 
variables. This specific application of neural networks is referred to as a regression application, 
whereby a feedforward neural network is used as the mechanism for characterizing the relationship 
between the inputs and the outputs (Specht, 1991). For example, Figure 18 shows a sample neuron 
where x1, x2, and x3 represent the input variables, w1, w2, and w3 represent the weights, and y 
represents the output. The bias, b, is another factor that is used to store information (Kim, 2017). 
 
Figure 18. Simplified structure of input/output relationship in one neuron. Reprinted from MATLAB Deep Learning: 
With Machine Learning, Neural Networks and Artificial Intelligence (20), by P. Kim, 2017, New York, NY: Apress. 
Copyright [2017] by Phil Kim. 
Each input x is multiplied by a weight w, with the sum referred to as v as shown in Equation 3. 
𝑣 = (𝑥1 × 𝑤1) + (𝑥2 × 𝑤2) + (𝑥3 × 𝑤3) + 𝑏                                         (3) 
Following, the output y is determined by applying an activation function, φ, to the sum v as shown 
in Equation 4.  
𝑦 =  𝜑(𝑣)          (4) 
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The purpose of the activation function is to relate the input variables xn to the output variable y in 
a nonlinear manner. In an artificial neural network, layers of neurons are connected by various 
activation functions. For each data point in the training set, the ANN is constantly updating the 
weights and biases such that the prediction error is minimized over the entire training dataset. In 
this research, the MATLAB Deep Learning Toolbox is used to train all ANN models. 
The artificial neural networks are set up same as when using the linear regression method: given 
an input strain reading at 26 stations, the neural network is trained to predict the strain at the 27th 
station. However, the architecture and training of the ANNs is much more complex than when 
using linear regression. In the example shown in Figure 19, the ANN contains one hidden layer 
with two neurons.  
 
Figure 19. Architecture of a feedforward ANN with two neurons in the hidden layer.  
In Figure 19, logsig and purelin are the functions used in MATLAB to implement the log-sigmoid 
and linear activation functions respectively. A sigmoid function in one hidden layer used in 
conjunction with a linear function in the output layer has been shown to approximate virtually any 
49 
 
function if enough neurons are used (Hornik et al., 1987; Hagan et al., 1996). Weinstein (2018) 
also used both the log-sigmoid and linear activation functions as the combination was the default 
recommended setting in the MATLAB Deep Learning Toolbox (Mathworks®, 2018c). As a result, 
the log-sigmoid and linear activation functions were used for all ANN models in this research. 
Depending on the application, the optimal number of neurons used in the hidden layer can vary 
significantly. Smarsly et al. (2015) used artificial neural networks trained on accelerometer data to 
detect and localize damage in a four-story structure. In that analysis, a range of 4-11 neurons were 
used in the hidden layer. Kudva et al. (1992) used simulated strains from a FEM to detect and 
localize damage in a 4x4 bay structure using 40 neurons in the hidden layer. In general, using less 
neurons results in a more generalized model; using more neurons can result in overfitting, but also 
allows the model to recombine features in new, nonlinear ways (MathWorks®, 2018b). A large 
range from 2-50 neurons was tested to determine an optimal number of neurons for this application, 
and thus provide a recommended starting point for future applications. 
Finally, two different training algorithms were tested. The two training algorithms are both 
backpropagation algorithms that dictate how the weights and biases of the ANNs get updated 
throughout the training phase. The Levenberg-Marquardt training algorithm is the fastest training 
algorithm in the MATLAB ANN toolbox and is recommended for regression applications of neural 
networks; however, this training algorithm requires more computer memory than alternatives 
(MathWorks®, 2018d). The Bayesian Regularization algorithm implements the same Levenberg-
Marquardt algorithm but subsequently applies Bayesian Regularization to determine the optimal 
weights and biases such that the model generalizes well. Bayesian Regularization is a popular 
training algorithm because it helps prevent the model from overfitting but also requires additional 
training time compared to the Levenberg-Marquardt algorithm (Burden, 2008). 
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In this research, 1509 truck events were used for training the ANNs and 420 truck events were set 
aside for model testing. However, ANNs require additional subsets of data when training with the 
MATLAB Deep Learning Toolbox. Figure 20 shows the same breakdown of training and testing 
datasets that was used in the linear regression analysis but also indicates the three subsets within 
the training dataset: training, validation, and testing subsets. These are the names used to describe 
the subsets of the training data in MATLAB; to avoid confusion, the word subset (e.g. training 
subset) will be used to refer to the sets of data that fall within the training dataset, while the training 
dataset will refer to all 1509 training events. 
 
Figure 20. Data breakdown of the ANN training subsets. 
As shown in the figure above, 75% of the truck events were allocated into the training subset while 
15% of the truck events were allocated to the validation and testing subsets respectively per the 
default recommendation by MATLAB (MathWorks®, 2018a). The training subset is what is used 
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to fit the neural network model; as the model is training, the ANN uses the validation subset to 
evaluate the performance of the ANN at various intervals throughout the training phase. After the 
ANN has been trained, the performance is measured via the testing subset. The selection of the 
datapoints used in the training, validation, and testing subsets is important and can affect the 
prediction capabilities of the trained model. 
Following a similar protocol employed by Smarsly (2016) and Weinstein et al. (2018), one ANN 
is trained for each of the 27 different stations on the bridge. The strain readings at the 26 other 
stations serve as the inputs to the ANN model predicting the output strain at the 27th station, as 
was done previously in the linear regression analysis. However, because of the subsets used to 
train the ANNs, some trials used multiple trained ANNs at each station with unique training, 
validation, and testing subset data. 
Using more than one ANN at each station reduces the effects of outliers and helps to avoid 
overfitting but also requires additional time to train the ANNs. Where more than one ANN was 
used at each station, an individual ANN model refers to a single ANN whereas the station ANN 
model represents the average strain prediction of all ANNs at that location. The final ANN model, 
then, refers to the cumulative model of all 27 station ANNs. Equation 3, for example, represents 
the station ANN model strain output when 100 individual ANNs were trained at G2-S2. 
                            
To ensure that each individual ANN used unique training, validation, and testing subsets, a cross-
validation technique was used to divide the 1509 truck events into the three subsets as shown in 
Figure 21. Cross-validation involves strategically dividing the data such that all events have been 
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used in each subset as opposed to randomly allocating events into the subsets. This method of 
assigning subset groups can be a faster way to ensure that the station ANN model is representative 
of the overall dataset (Hagan et al., 1996).  
ANN1  ANN2  ANN3  ANN10 
Training 












  Validation 
Validation   Testing 
Testing  Validation   
 
Figure 21. Cross-validation pattern used for allocating training, validation, and testing subsets. 
In this research, 60 trials were performed to test the effects of the number of ANNs at each station, 
the number of neurons used in the neural network, the training algorithm, and the type of truck 
event. Section 5.2 discusses the training process and results from preliminary model testing of the 
ANNs against the 420 model testing events to determine the prediction errors of the trained models. 
Each trial was then evaluated in Section 5.3 to determine the ANN’s ability to detect damage, 
while the results from the damage localization are provided in Section 5.4. A discussion of the 
results is included in Section 5.5 along with conclusions regarding the optimal parameters for this 
application. 
 
5.2. ANN Model Training 
 
A total of 60 different trials were performed, each with unique parameters regarding the 
architecture, training algorithm, and subset data used for the ANNs. The ANNs were trained using 
the MATLAB Deep Learning Toolbox and the total training times were recorded for each trial. 
After training, the prediction errors of the station ANN models were computed for the 420 testing 
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events. To determine the average prediction error at each station in microstrain, the average of the 
absolute values of the prediction errors for all 420 events was used. The average percent prediction 
error was determined by using the absolute value of the percent prediction error for all 420 testing 
events. Section 5.2.1-5.2.4 present the thorough results of the model training phase for Trials 1-
60, while Section 5.2.5 provides a comparison of the trials and preliminary conclusions based on 
the training results. 
5.2.1. Model Training for Trials 1-24 
 
Trials 1-24 implemented the same approach as Weinstein et al. (2018) to extract the strain readings 
at each location. Figure 22 shows the strain readings at each of the 27 stations during one truck 
event. Using Girder 2 Station 6 as an example of one station, the time of the maximum strain was 
found at that station (represented by the dark blue star) and the strains at the other 26 stations at 
that time were extracted. This process was repeated for all 27 different stations for all 1929 truck 
events. As a result, each truck event produced one set of inputs (26 strain readings) and outputs (1 
strain reading) at each station. 
 
Figure 22: Strain readings at 27 stations on the bridge during one truck event (Weinstein, 2018). 
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Once the input/output data was arranged, it was necessary to develop the architecture used for the 
ANN trials. The goal of the initial trials was to determine the optimal number of neurons that 
resulted in the lowest prediction error for the final ANN models. A range of 2-50 neurons was 
selected as a starting point, as shown in Table 11. Furthermore, it was important to understand 
how the number of ANNs at each station and the training algorithm affected the total training time, 
thus the total time to train the models for each trial was also included.  







of Testing Data 
Points 
Number of 











2 10 <1 
3 20 <1 






6 10 6 
7 20 9 






10 10 19 
11 20 36 






14 10 7 
15 20 33 






18 10 80 
19 20 468 






22 10 373 
23 20 1809 
24 50 15741 
 
As shown in the table above, the total training time for each trial varied from less than one minute 
to over ten days. The Levenberg-Marquardt training algorithm was significantly faster than the 
55 
 
Bayesian Regularization, with the longest training time being approximately 3 hours compared to 
the 10 days it took to train the ANNs with the same architecture using the Bayesian Regularization 
algorithm. Once the models were trained, it was necessary to analyze the effects of the faster 
training algorithm on the prediction accuracy of the final ANN models.  
The 420 truck events set aside from model training were used to test the prediction error of the of 
the final ANN models for each trial. Table 12 shows the average prediction errors in microstrain 
and percent of the final ANN models at each station for Trial 1, as well as the lower and upper 
bounds of the confidence interval. The full training results for Trials 2-24 can be found in 
Appendix 2. 













G1 – S2 0.358 2.76% -1.15 0.74 
G1 – S6 1.334 6.60% -3.61 5.17 
G1 – S8 0.325 4.35% -0.79 0.71 
G1 – S10 0.452 3.85% -1.61 1.22 
G2 – S2 0.965 3.37% -2.57 2.33 
G2 – S4 0.763 4.71% -2.19 2.53 
G2 – S6 1.078 2.51% -3.90 2.55 
G2 – S8 0.576 3.17% -1.91 1.46 
G2 – S10 0.578 1.81% -1.77 1.55 
G3 – S2 1.505 4.06% -4.10 4.42 
G3 – S4 0.461 1.50% -1.15 1.04 
G3 – S6 0.910 1.58% -1.84 4.00 
G3 – S8 0.538 2.14% -1.39 1.47 
G3 – S10 0.835 2.06% -3.32 2.53 
G4 – S2 0.673 1.85% -1.73 1.67 
G4 – S4 0.330 1.31% -0.97 0.88 
G4 – S6 1.172 2.25% -2.57 2.63 
G4 – S8 0.613 2.73% -1.41 1.28 
G4 – S10 0.970 3.10% -2.08 2.22 
G5 – S2 0.407 1.93% -1.06 0.75 
G5 – S6 0.752 3.04% -1.56 2.01 
G5 – S8 0.407 3.51% -1.73 1.11 
G5 – S10 1.164 6.99% -2.67 2.90 
G6 – S2 0.262 4.28% -0.78 0.74 
56 
 
G6 – S4 0.199 6.02% -0.64 0.52 
G6 – S6 0.474 4.47% -1.52 1.12 
G6 – S8 1.769 29.35% -8.55 8.54 
AVERAGE 0.736 4.27%   
 
The upper and lower bounds of the confidence interval indicate that the final ANN model in Trial 
1 was consistently able to predict the strain at each location: 95% of the prediction errors were 
within approximately 5-10% of the total strain at most locations. The average prediction error at 
each station was approximately 1-6% except for at station G6-S8, which showed prediction errors 
close to 30%. This trend can be seen in the results from Trials 2-24 in Appendix 2, and Weinstein 
(2018) also noted high prediction errors at station G6-S8. Figure 23 shows the location of Girder 
6 on the PMB, which is directly beneath a sidewalk and not the traffic lanes. 
 
Figure 23. Cross-section of the Powder Mill Bridge (Lefebvre, 2010). 
Because of the location of G6-S8, the strain during most truck events tended to be small and thus 
the signal-to-noise ratio was less than at other stations. Further investigation into the effects of this 
strain gauge will be discussed in the next section.  
The last row of Table 12 represents the average prediction error of all stations for Trial 1, which 
is not an inherently meaningful value but allows for a comparison of all of the trials. Table 13 
shows the parameters used for Trials 1-24, as well as the average prediction errors when tested 
against the 420 truck events with undamaged conditions. 
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Number of ANNs 















2 0.736 4.27% 
2 10 0.599 3.88% 
3 20 0.573 3.84% 





2 0.661 3.88% 
6 10 0.499 3.25% 
7 20 0.482 3.14% 





2 0.663 3.87% 
10 10 0.491 3.17% 
11 20 0.476 3.10% 





2 0.670 3.89% 
14 10 0.554 3.59% 
15 20 0.639 4.09% 





2 0.615 3.66% 
18 10 0.475 3.12% 
19 20 0.510 3.28% 





2 0.614 3.66% 
22 10 0.476 3.12% 
23 20 0.502 3.28% 
24 50 0.550 3.50% 
 
When looking at the number of ANNs used at each station, average prediction errors tended to 
decrease as the number of ANNs increased. This is not always the case, but using more than one 
ANN at each station helps to produce a final station output reading that is more representative of 
the training dataset since it is an average of many trained ANNs. However, the change in prediction 
error when using 1 ANN compared to 20 ANNs at each station was much larger than when 
changing from 20 to 100 ANNs. For example, the difference in prediction error (in microstrain) 
between Trial 1 and Trial 5 was approximately 10%, while the difference in prediction error from 
Trial 5 to Trial 9 was less than 1%. The prediction error is thus approximately the same when using 
20 ANNs compared to 100 ANNs, but with training times approximately 75% less when using 20 
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ANNs. For this amount of truck events in the dataset, using more than 20 ANNs at each station 
proved to be unnecessary.  
The grey boxes highlighted in Table 13 indicate the number of neurons for which the prediction 
error was lowest. When using the Levenberg-Marquardt training algorithm, 20 neurons resulted in 
the lowest prediction errors while the Bayesian Regularization training algorithm produced the 
lowest prediction errors when 10 neurons were used. It is important to note, however, that all of 
the trials produced average prediction errors of approximately 0.5 microstrain or 3-4%, indicating 
that each trial is able to reasonably predict the output strain at all 27 stations given the input strains 
at the other stations. 
5.2.2. Model Training for Trials 25-48 
 
As mentioned in the Section 5.2.1, the station located at G6-S8 had prediction errors of 
approximately 30%, while the rest of the stations yielded prediction errors of approximately 1-6%. 
As a result, the strain readings from station G6-S8 were removed from the dataset to analyze the 
effect of the individual strain gauge on the prediction error of the final ANN model. Trials 25-48 
thus used the same architecture and training algorithms as Trials 1-24 as shown in Table 14 but 
eliminated the data from station G6-S8. 






















26 10 <1 
27 20 <1 






















Training Time  
(min) 
31 20 6 






34 10 15 
35 20 26 






38 10 3 
39 20 17 






42 10 49 
43 20 243 






46 10 326 
47 20 1621 
48 50 13624 
 
The training times of Trials 25-48 compared to their corresponding Trials 1-24 show that by 
removing the G6-S8 station, the training times were slightly reduced as expected. After training, 
each trial was tested against the 420 truck events to determine the average prediction error at each 
station. The full results from Trials 25-48 can be found in Appendix 2, but the average prediction 
error of all stations combined can be found in Table 15. As mentioned previously, the reason for 
averaging the prediction error of all stations is such that a meaningful comparison can be 
performed between the trials. 




Number of ANNs 















2 0.671 3.19% 
26 10 0.529 2.71% 
27 20 0.515 2.71% 
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2 0.631 2.97% 
30 10 0.459 2.36% 
31 20 0.447 2.28% 





2 0.627 2.98% 
34 10 0.452 2.28% 
35 20 0.435 2.21% 





2 0.634 2.93% 
38 10 0.516 2.79% 
39 20 0.601 3.10% 





2 0.573 2.71% 
42 10 0.435 2.21% 
43 20 0.463 2.37% 





2 0.572 2.71% 
46 10 0.428 2.17% 
47 20 0.456 2.33% 
48 50 0.506 2.56% 
 
Table 15 indicates that using 20 neurons and the Levenberg-Marquardt training algorithm and 
using 10 neurons when using the Bayesian Regularization training algorithm produced the lowest 
prediction errors. These results correspond with the results from Trials 1-24; however, the 
prediction errors in Trials 25-48 were lower than the prediction errors for Trials 1-24 when 
comparing trials with the same architecture and training algorithm. It can thus be concluded with 
certainty that the strain gauge at station G6-S8 contributes to increased prediction error in the final 
ANN models. 
5.2.3. Model Training for Trials 49-58 
 
The goal of the next 10 trials was to test a different approach to determining which data points 
were extracted from a single truck event. The methodology used in Trials 1-48 followed the same 
protocol as Weinstein et al. (2018), whereby the maximum strain at each location and the 
corresponding strains at the other 26 stations were extracted for each truck event. However, the 
strain readings at approximately 500 individual time steps exist for each truck event as the truck 
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moved across the bridge. It was unclear whether incorporating more data points for each truck 
event into the model would help reduce the prediction errors of the model, or if the current method 
of only extracting the maximum strain for each truck event was optimal. 
Trials 49-58 used the same architecture as Trial 27 but implemented a minimum threshold for 
incorporating data points. Instead of only taking the maximum strain reading at each location for 
a single truck event, all time steps that included a strain reading over that minimum threshold at 
any station were extracted from each truck event. If the truck event did not have any strains meeting 
the minimum threshold, the event was removed entirely from the dataset. For example, Figure 24 
shows the same truck event as in Figure 22, but each time step that included a value greater than 
the minimum example threshold of 30 microstrain (tension or compression) was extracted. As a 
result, the strain readings at all 27 stations were extracted for 82 time steps (from approximately 
4.5-6 seconds) for the truck event in Figure 24, as shown by the red box. 
 
Figure 24. Extraction of multiple time steps from a single truck event. Adapted from Weinstein (2018). 
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To keep the training, validation, and testing subsets consistent for Trials 49-58, all time steps from 
a single truck event were assigned to the same subset. For example, the truck event shown above 
in Figure 24 was originally allocated into the training subset for Trials 1-48; as a result, all 82 time 
steps extracted from this truck event were allocated to the training subset for Trials 49-58.  
The minimum thresholds as well as the resulting number of training and testing data points used 
in each trial can be found in Table 16. It was determined in the previous section that when using 
the Levenberg-Marquardt training algorithm, an ANN with 20 neurons resulted in the lowest 
prediction errors.  The architecture used in Trials 49-58 was specifically chosen with the goal of 
minimizing both prediction error and training time. Because the number of training data points 
increased for most trials, just one ANN model was trained at each station with the Levenberg-
Marquardt training algorithm to implement a faster training process. 

























10 355392/98504 157 
50 20 207354/57987 71 
51 30 133494/37187 33 
52 40 101121/28168 27 
53 50 68963/19321 15 
54 60 40404/11061 7 
55 70 22938/6280 3 
56 80 9760/2837 1 
57 90 2055/704 1 
58 100 290/129 1 
 
As expected, incorporating additional data points into the training phase of the ANNs resulted in 
increased training time. Table 17 shows the full results of the prediction errors from the testing 
events for Trials 49-58.  
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Number of Training 
Data Points/ 
Number of Testing 
Data Points 
Average Prediction 
Error of ANNs 
(µε) 
Average Prediction 
Error of ANNs (%) 
49 10 355392/98504 0.414 73.09% 
50 20 207354/57987 0.488 54.30% 
51 30 133494/37187 0.501 41.53% 
52 40 101121/28168 0.500 5.45% 
53 50 68963/19321 0.509 5.33% 
54 60 40404/11061 0.509 3.03% 
55 70 22938/6280 0.506 2.88% 
56 80 9760/2837 0.553 3.05% 
57 90 2055/704 0.869 4.09% 
58 100 290/129 1.867 7.73% 
 
Table 17 shows the tradeoff between the minimum threshold used and the average prediction error. 
While the average prediction error in microstrain tended to decrease as additional data points were 
included, the average prediction error in terms of the percent of the actual strain increased. This 
was expected, as the 0.5 microstrain average prediction error becomes a larger portion of the actual 
strain reading when lower minimum thresholds are used.  
The ANN architecture used for Trials 49-58 matched exactly with the architecture used in Trial 
27. The average prediction error for Trial 27 was 0.515 microstrain or 2.71%, which was 
comparable but still less than Trial 54 and Trial 55; however, Trial 54 and Trial 55 took 7 and 3 
minutes respectively to train compared to less than 1 minute for Trial 27. Thus, there is not 
evidence supporting the extraction of multiple data points from each truck event; using just the 
maximum at each location and the corresponding readings elsewhere yielded similar results in 
terms of prediction errors of the model but with shorter training times. 
5.2.4. Model Training for Trials 59-60 
 
As mentioned previously, the ANNs in Trials 1-58 were trained on two specific data types: single-
vehicle, heavy truck events heading in either the northbound or southbound direction. The 
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direction of the truck event proved to be important for damage detection and localization in 
Chapter 4; thus, the final two trials conducted in the ANN analysis involved training one ANN 
model solely with northbound truck events and another ANN model solely with southbound truck 
events. 
Using the same ANN architecture as Trial 31, Trial 59 only used northbound truck events and Trial 
60 only used southbound truck events for the training and testing of the ANNs to analyze the 
damage detection and localization capabilities under these conditions. The ANN architecture and 
training time can be found in Table 18. 






















Northbound 671/190 4 
60 Southbound 838/230 4 
 
20 ANNs at each station was shown to be enough to represent the training dataset in this 
application, while 20 neurons yielded the lowest prediction errors when implementing the 
Levenberg-Marquardt training algorithm. Using this ANN architecture, training time remained 
low at approximately four minutes. Table 9 shows the average prediction errors of all stations for 
Trials 59-60 when tested against the 420 truck events with undamaged conditions. The average 
prediction errors for each individual station are included in Appendix 2. 
Table 19: Average prediction errors from 420 truck events with undamaged conditions for Trials 59-60. 
Trial 
Direction of Truck 
Event 
Number of Training 
Data Points/ 
Number of Testing 
Data Points 
Average Prediction 
Error of ANNs 
(µε) 
Average Prediction 
Error of ANNs (%) 
59 Northbound 671/190 0.488 2.63% 
60 Southbound 838/230 0.428 2.09% 
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The average prediction errors of Trial 31, which was trained with the same ANN architecture using 
both southbound and northbound truck events, was 0.441 or 2.28%. The results from Table 9 
indicate that when tested only using the southbound truck events, the average prediction errors 
were slightly lower than when using only the northbound truck events. Thus, it cannot be 
concluded that separating the truck events by direction results in a final ANN model with lower 
overall prediction errors. 
5.2.5. Discussion 
 
The purpose of the preliminary model testing was to analyze how well the final ANN models were 
able to predict the strain at each station when tested against new truck events with undamaged 
conditions. Performing multiple trials allowed for the ability to determine the number of ANNs, 
the number of neurons, the training algorithm, and the direction of truck event resulting in the 
lowest prediction errors of the model. 
The Levenberg-Marquardt training algorithm was faster than the Bayesian Regularization training 
algorithm in all cases; however, the number of neurons used was more indicative of prediction 
error than the training algorithm. Based on initial model testing results from Trials 1-48, the 
optimal number of neurons when using the Levenberg-Marquardt training algorithm was 20, while 
10 yielded the lowest prediction errors using Bayesian Regularization. When using either training 
algorithm, an ANN model with only two neurons likely resulted in a more generalized fit whereas 
an ANN model with 50 neurons likely resulted in overfitting. 
Trials 49-58 explored using additional data points from a single truck event, selected via a 
minimum threshold level. This required additional training time for the models but did not result 
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in reduced prediction errors of the model and thus the implementation of a minimum threshold 
level will not be pursued further. 
Lastly, it is important to note that all of the final ANN models trained reasonably well: a prediction 
error of less than 5% can be seen for most trials, which is highly reliable. 
 
5.3. Damage Detection 
 
The goal of this test was to determine if there was a statistical difference between the prediction 
errors of the 20 truck events with simulated damage conditions and the prediction errors of the 400 
truck events with undamaged conditions at each station on the bridge using a Wilcoxon rank-sum 
test. For this test, the same significance level of 0.1% was used as was done previously with the 
final linear regression model. Thus, when the p-value is less than 0.001, it can be said with 99.9% 
certainty that damage was detected at that station. Damage detection is evaluated for the following 
damage scenarios: fascia girder corrosion, girder fracture, and deck delamination. Because the 
models trained in Trials 49-58 required more time to train and produced larger prediction errors, 
it was anticipated that the trials would not detect or localize damage as well as other ANN trials 
and thus the discussion of damage detection and localization for these trials can be found in 
Appendix 5. As expected, the results from Trials 1-48 and Trials 59-60 were more promising and 
thus will be discussed further in this chapter. The ANN parameters analyzed for these trials that 
could potentially affect damage detection ability include the number of neurons, the training 
algorithm, and the direction of the truck event. 
5.3.1. Case 1: Girder 1 Corrosion 
 
In this damage scenario, 5%, 15%, and 25% corrosion has been simulated across the entire length 
of Girder 1. The results of the Wilcoxon rank-sum test for Trial 1 are displayed in Table 20. The 
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p-value indicated represents the mean value from the 20 damage runs for the three varying levels 
of girder corrosion as well as for the undamaged scenario. Similarly, the percentage of the 20 total 
damage runs with detected damage was calculated for each station.   
Table 20: Trial 1 damage detection results for Case 1. 
Sensor Location 
Mean p-value 
















G1-S2 0.571 4.62E-07 1.08E-07 2.61E-08  0 100 100 100 
G1-S6 0.459 3.33E-03 8.59E-04 6.13E-05  0 70 85 100 
G1-S8 0.565 1.57E-01 2.37E-01 3.36E-01  0 10 5 5 
G1-S10 0.444 3.02E-06 2.11E-08 1.40E-09  0 100 100 100 
G2-S2 0.521 3.41E-02 1.39E-05 9.43E-09  0 20 100 100 
G2-S4 0.503 6.31E-07 1.37E-11 9.76E-12  0 100 100 100 
G2-S6 0.486 3.81E-10 1.87E-11 7.33E-12  0 100 100 100 
G2-S8 0.536 1.56E-02 3.16E-02 5.99E-02  0 45 35 40 
G2-S10 0.465 2.58E-04 3.14E-08 6.00E-11  0 95 100 100 
G3-S2 0.461 3.19E-04 1.87E-08 4.36E-10  0 90 100 100 
G3-S4 0.455 3.57E-03 8.76E-09 5.26E-10  0 70 100 100 
G3-S6 0.408 2.58E-09 7.41E-09 7.37E-09  0 100 100 100 
G3-S8 0.481 2.02E-01 3.64E-03 1.64E-04  0 10 55 95 
G3-S10 0.475 2.28E-03 3.74E-08 5.03E-12  0 80 100 100 
G4-S2 0.559 1.38E-02 6.04E-05 1.50E-06  0 40 95 100 
G4-S4 0.568 2.98E-02 2.14E-12 1.74E-12  0 40 100 100 
G4-S6 0.490 4.76E-01 5.71E-01 4.40E-01  0 0 5 5 
G4-S8 0.490 3.25E-01 5.89E-03 1.24E-04  0 0 55 95 
G4-S10 0.415 4.24E-01 4.84E-02 1.15E-03  0 0 25 85 
G5-S2 0.489 2.59E-01 1.14E-02 4.41E-03  0 5 60 75 
G5-S6 0.398 5.88E-03 1.02E-04 1.29E-06  0 60 95 100 
G5-S8 0.489 7.03E-02 3.25E-04 1.65E-05  0 15 90 100 
G5-S10 0.492 4.80E-01 3.51E-05 2.43E-05  0 0 100 100 
G6-S2 0.429 1.04E-01 4.62E-01 1.77E-01  0 25 0 10 
G6-S4 0.403 4.21E-01 4.21E-01 4.27E-01  0 0 0 0 
G6-S6 0.489 9.41E-02 1.90E-02 5.70E-03  0 25 75 90 
G6-S8 0.472 5.33E-01 5.26E-01 5.01E-01  0 0 0 0 
AVERAGE      0 44.4 69.6 77.8 
 
As shown in the table above, even in the case of 5% corrosion there were 7 stations that had 
minimum p-values less than the 0.001, while 5 stations detected damage in 100% of the damage 
runs. Both parameters thus indicate that damage has been successfully detected in Case 1a, Case 
1b, and Case 1c for Trial 1. The final row of Table 20 shows the average percentage of damage 
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runs with detected damage across all stations. This average is not inherently meaningful, but it 
does allow for comparison between the trials. The full damage detection results for each trial can 
be found in Appendix 3, but the average detection of all stations for Trials 1-48 can be seen in 
Table 21. 
Table 21: Comparison of the percentage of runs with detected damage across all stations for Trials 1-48. 

















1 44.4 69.6 77.8 25 47.1 71.3 76.5 
2 55.7 71.7 73.7 26 48.3 63.8 63.7 
3 39.8 57.4 55.6 27 46.2 64.0 64.4 
4 43.3 56.3 58.1 28 36.9 49.8 52.5 
5 45.2 60.9 69.1 29 45.8 61.3 68.8 
6 52.2 66.9 66.3 30 55.8 70.2 71.5 
7 52.8 68.3 65.0 31 53.3 68.1 67.3 
8 46.3 59.4 61.7 32 48.8 67.5 64.8 
9 45.6 62.0 69.1 33 47.3 65.4 70.6 
10 52.6 64.4 65.4 34 56.5 67.5 69.6 
11 51.3 63.7 63.7 35 57.9 68.7 66.9 
12 49.8 68.0 66.7 36 47.7 65.6 65.6 
13 42.8 64.6 72.8 37 42.1 62.5 72.5 
14 48.1 63.3 65.7 38 46.3 55.6 62.9 
15 38.5 53.9 53.9 39 43.3 58.7 60.6 
16 32.4 55.6 57.8 40 41.5 57.5 64.0 
17 46.9 68.1 74.3 41 43.7 66.0 71.2 
18 55.0 66.7 67.0 42 56.2 72.5 72.1 
19 46.7 66.7 68.7 43 52.1 71.0 76.5 
20 47.4 69.8 65.6 44 46.2 71.2 75.2 
21 43.7 64.6 70.9 45 45.2 65.4 70.0 
22 54.4 67.8 67.6 46 56.5 69.0 73.7 
23 48.0 68.7 70.7 47 51.0 73.8 75.8 
24 48.9 69.1 68.7 48 47.5 69.8 72.3 
 
As expected, most trials detected damage in more damage runs with 25% corrosion compared to 
5% corrosion; however, the full results in Appendix 3 indicate that all trials were able to detect 5% 
corrosion in Girder 1, with at least one station containing a p-value less than 0.001 and at least one 
station detecting damage in 100% of the damage runs. In the table above, the grey boxes indicate 
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the scenarios for which a higher average percentage of damage runs was detected when comparing 
Trials 1-24 to Trials 25-48. Out of the 24 comparisons made, the average percentage of damage 
runs with detected damage increased in approximately 70% of the comparisons after removing 
station G6-S8 in Trials 25-48, thus supporting the notion that G6-S8 should be removed from the 
dataset. The same process for comparing Trials 1-24 to Trials 25-48 was done to analyze the 
training algorithm and the number of neurons, with the full calculations shown in Appendix 4. To 
compare the number of neurons, a ranking analysis was performed. Table 22 thus shows the 
percentage of comparisons for which a parameter was favorable based on the results in the table 
above.  
Table 22. Optimal parameters for detecting damage in Case 1 scenario. 
Comparison Component Case 1a – 5% Case 1b – 15% Case 1c – 25% 
G6-S8  
Including G6-S8 33.3% 29.2% 37.5% 




75.0% 41.7% 33.3% 
Bayesian 
Regularization 
25.0% 58.3% 66.7% 
Number of 
Neurons 
2 3 3 1 
10 1 1 2 
20 2 2 3 
50 4 4 4 
 
The table above indicates that the optimal parameters change depending on the severity of damage, 
except for removing G6-S8. In Case 1a, with just 5% corrosion, 10 neurons proved optimal as well 
as using the Levenberg-Marquardt training algorithm. However, as the severity of the corrosion 
increased, the more generalized model using Bayesian Regularization and fewer neurons was 
better able to detect damage for this scenario. 
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Analyzing the direction of truck event, Table 23 shows a summary of the average percentage of 
runs with detected damage across all stations for the two trials trained on only one direction of 
truck events. 






Average Percentage of Runs with Detected Damage for 
All Stations 
Case U Case 1a Case 1b Case 1c 
59 Northbound 671/190 0.0 73.7 76.7 78.1 
60 Southbound 838/230 0.0 54.4 77.1 77.7 
 
When compared to Trial 31, which was trained using the same ANN architecture but using both 
northbound and southbound events, the percentage of damage runs with detected damage increased 
in all Case 1 scenarios for Trial 59 and Trial 60 regardless of the direction of the truck event, as 
noted by the grey boxes. This insinuates that there may be value in separating the two types of 
truck events and training a unique model for each condition. 
5.3.2. Case 2: Girder 2 Fracture 
 
The fracturing of Girder 2 was simulated by reducing the elastic modulus close to zero at the 
midspan of the girder. With Girder 2 being located directly below the southbound traffic lane, it 
was expected that damage of this severity would be easily detected. Table 24 gives the average p-
value from the Wilcoxon rank-sum test as well as the percentage of damage runs where damage 
was detected for Trial 1. 
Table 24: Trial 1 damage detection results for Case 2. 
Sensor Location 
Mean p-value 
 Percentage of Runs with  
Detected Damage 
Case U Case 2 Case U Case 2 
G1-S2 0.571 1.87E-10  0 100 
G1-S6 0.459 3.51E-12  0 100 
G1-S8 0.565 2.94E-09  0 100 





 Percentage of Runs with  
Detected Damage 
Case U Case 2 Case U Case 2 
G2-S2 0.521 3.27E-05  0 100 
G2-S4 0.503 1.09E-03  0 85 
G2-S6 0.486 4.60E-14  0 100 
G2-S8 0.536 5.88E-09  0 100 
G2-S10 0.465 2.68E-10  0 100 
G3-S2 0.461 2.62E-01  0 5 
G3-S4 0.455 4.04E-11  0 100 
G3-S6 0.408 4.70E-14  0 100 
G3-S8 0.481 2.36E-09  0 100 
G3-S10 0.475 2.05E-01  0 15 
G4-S2 0.559 3.50E-08  0 100 
G4-S4 0.568 1.50E-12  0 100 
G4-S6 0.490 3.49E-01  0 0 
G4-S8 0.490 1.87E-10  0 100 
G4-S10 0.415 3.93E-01  0 5 
G5-S2 0.489 3.42E-08  0 100 
G5-S6 0.398 3.38E-01  0 5 
G5-S8 0.489 2.43E-02  0 45 
G5-S10 0.492 3.74E-01  0 0 
G6-S2 0.429 2.42E-04  0 95 
G6-S4 0.403 3.04E-06  0 100 
G6-S6 0.489 2.30E-05  0 100 
G6-S8 0.472 2.69E-03  0 75 
AVERAGE    0.00 74.6 
 
As expected, Trial 1 was able to detect damage as indicated by the low p-values as well as the 16 
stations with damage detection in 100% of the damage runs. Many of the gauges detecting damage 
were located on the south side of the bridge close to the damage at Girder 2. Comparing Trials 1-
24 to Trials 25-48, the average percentage of runs with detected damage for all stations can be 
seen in Table 25. The full damage detection results for each trial can be found in Appendix 3. 
Table 25: Comparison of the percentage of runs with detected damage across all stations for Trials 1-48. 




After Removing G6-S8 
Case 2 Case 2 
1 74.6 25 77.7 
2 72.8 26 64.4 
3 62.6 27 68.7 
4 55.4 28 54.4 
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After Removing G6-S8 
Case 2 Case 2 
5 76.5 29 78.1 
6 65.9 30 62.1 
7 60.9 31 68.7 
8 57.4 32 64.2 
9 78.0 33 80.2 
10 61.9 34 63.3 
11 61.3 35 65.6 
12 57.8 36 64.8 
13 72.0 37 56.9 
14 64.3 38 66.7 
15 53.1 39 48.1 
16 43.1 40 45.6 
17 74.6 41 77.5 
18 62.4 42 69.6 
19 66.1 43 67.3 
20 54.4 44 56.5 
21 76.9 45 77.1 
22 66.9 46 66.2 
23 64.8 47 67.9 
24 55.0 48 60.2 
 
The results from the table above indicate that Trials 1-48 were all able to detect the girder fracture 
effectively. The values indicated by the grey boxes also show that the average percentage of 
damage runs where damage was detected increased after removing G6-S8. The full analyses of the 
other parameters can be found in Appendix 4, but Table 26 summarizes the findings. 
Table 26. Optimal parameters for detecting damage in Case 2 scenario. 
Comparison Component Case 2 
G6-S8  
Including G6-S8 25.0% 


















The results in the table above indicate that the Levenberg-Marquardt training algorithm with fewer 
neurons yielded higher damage detection results for Case 2, especially when G6-S8 was excluded 
from the analysis. To analyze the direction of the truck event, the damage detection results from 
Trial 59 and Trial 60 are included in Table 27. 
Table 27: Trials 59-60 damage detection results for Case 2. 
Trial 




Average Percentage of Runs with Detected 
Damage for All Stations 
Case U Case 2 
59 Northbound 671/190 0.0 84.2 
60 Southbound 838/230 0.0 80.0 
 
The results in this table indicate that the average percentage of runs with detected damage 
increased when isolating the direction of the truck event when compared to Trial 31, which trained 
using the same ANN architecture but incorporated both northbound and southbound truck events. 
This again supports the idea that the northbound and southbound truck events should be separated. 
5.3.3. Case 3: Deck Delamination 
 
Case 3a was simulated by applying deck delamination across the entire width of the bridge deck, 
while Case 3b involved deck delamination only in the southbound lane. The full damage detection 
results from Trial 1 for both scenarios can be found in Table 28.  
Table 28: Trial 1 damage detection results for Case 3. 
Sensor Location 
Mean p-value 
 Percentage of Runs with  
Detected Damage 
Case U Case 3a Case 3b Case U Case 3a Case 3b 
G1-S2 0.571 3.40E-01 2.52E-06  0 5 100 
G1-S6 0.459 3.08E-01 9.78E-02  0 0 20 
G1-S8 0.565 3.13E-01 3.09E-02  0 5 35 
G1-S10 0.444 3.27E-01 4.05E-01  0 0 0 
G2-S2 0.521 1.18E-06 1.63E-01  0 100 0 
G2-S4 0.503 3.29E-01 3.54E-09  0 5 100 
G2-S6 0.486 4.58E-01 2.26E-01  0 0 0 
G2-S8 0.536 1.09E-03 5.02E-01  0 80 0 





 Percentage of Runs with  
Detected Damage 
Case U Case 3a Case 3b Case U Case 3a Case 3b 
G3-S2 0.461 9.62E-02 4.87E-01  0 15 0 
G3-S4 0.455 3.48E-01 1.27E-07  0 5 100 
G3-S6 0.408 4.26E-01 2.93E-01  0 0 0 
G3-S8 0.481 4.93E-01 2.29E-01  0 0 10 
G3-S10 0.475 8.62E-03 4.45E-01  0 65 0 
G4-S2 0.559 1.35E-01 8.46E-05  0 10 95 
G4-S4 0.568 5.55E-04 1.44E-12  0 85 100 
G4-S6 0.490 4.66E-01 5.33E-01  0 0 0 
G4-S8 0.490 3.16E-01 2.81E-05  0 5 100 
G4-S10 0.415 2.10E-01 4.31E-01  0 5 0 
G5-S2 0.489 1.18E-01 9.91E-04  0 15 80 
G5-S6 0.398 5.43E-02 6.72E-02  0 30 25 
G5-S8 0.489 3.58E-01 6.85E-04  0 0 85 
G5-S10 0.492 2.86E-01 8.45E-06  0 5 100 
G6-S2 0.429 4.33E-02 4.74E-01  0 35 0 
G6-S4 0.403 4.47E-06 1.64E-02  0 100 50 
G6-S6 0.489 3.40E-01 4.33E-01  0 5 5 
G6-S8 0.472 2.72E-02 1.00E-01  0 40 15 
AVERAGE     0.00 23.0 38.2 
 
As indicated above, Trial 1 was able to detect damage in both scenarios with at least one station 
registering a p-value less than 0.001 as well as damage detected in 100% of the damage runs. For 
this trial, however, damage was more easily detected when just the southbound lane had deck 
delamination rather than deck delamination across the entire bridge deck. This was not the case 
for Trials 1-48, as indicated by the full results available in Appendix 3 as well as in the comparison 
shown in Table 29. 




After Removing  
G6-S8 
Case 3a Case 3b Case 3a Case 3b 
1 23.0 38.1 25 48.5 33.8 
2 43.0 32.0 26 43.5 36.7 
3 49.8 34.1 27 45.8 31.3 
4 39.1 20.0 28 34.2 20.8 
5 33.3 33.7 29 38.8 33.8 
6 51.1 32.6 30 41.9 31.2 
7 43.9 37.2 31 42.3 33.5 






After Removing  
G6-S8 
Case 3a Case 3b Case 3a Case 3b 
9 36.3 35.0 33 39.2 36.7 
10 49.3 30.4 34 40.8 32.5 
11 43.1 34.1 35 50.2 32.3 
12 39.4 32.8 36 41.2 29.6 
13 43.9 41.3 37 37.3 41.5 
14 55.0 29.1 38 42.9 23.3 
15 41.3 20.7 39 43.8 24.4 
16 40.6 18.9 40 39.2 20.0 
17 34.6 43.1 41 39.4 45.6 
18 48.0 28.5 42 48.5 27.1 
19 38.9 28.0 43 46.0 28.8 
20 39.3 32.2 44 46.0 32.1 
21 40.4 43.3 45 44.0 43.5 
22 47.8 28.9 46 50.4 27.1 
23 44.1 32.0 47 44.6 29.8 
24 36.1 32.4 48 41.7 30.8 
 
In the trials above, there were generally higher detection rates when the deck delamination was 
applied over the entire width of the bridge deck rather than just on the southbound lane; however, 
damage was detected in all trials. The results from the table above are inconclusive regarding the 
effectiveness of removing G6-S8, as indicated by the grey boxes. The results from Case 3a suggest 
that Case 3a was more easily detected in Trails 25-48; however, no difference can be discerned for 
Case 3b. Table 30 shows a breakdown of the optimal parameters for Case 3 based on the results in 
the table above. 
Table 30. Optimal parameters for detecting damage in Case 3 scenario. 
Comparison Component Case 3a Case 3b 
G6-S8  
Including G6-S8 33.3% 50.0% 
Excluding G6-S8 66.7% 50.0% 
Training Algorithm 
Levenberg-
Marquardt 45.8% 62.5% 
Bayesian 
Regularization 54.2% 37.5% 
Number of 
Neurons 
2 4 1 
10 1 3 
20 2 2 




In general, the models trained using 50 neurons performed worse than the others; however, the 
results from this table indicate a general lack of consensus. The results shown in Table 31, indicate 
that isolating the northbound and southbound truck events could be advantageous. 
Table 31: Trials 59-60 damage detection results for Case 3. 
Trial 




Average Percentage of Runs with Detected 
Damage for All Stations 
 
Case U Case 3a Case 3b 
59 Northbound 671/190 0.0 75.8 51.3 
60 Southbound 838/230 0.0 73.7 46.2 
 
The results shown in Table 31 are particularly interesting. For Case 3a and Case 3b, higher rates 
of damage detection can be seen when the model was trained on one direction of truck event, rather 
than both northbound and southbound events. This suggests that even with deck delamination in 
the southbound lane, the model trained solely on northbound events still identified damage to a 




Damage was detected in all scenarios for all trials, indicating that the ANN methodology was 
effective for detecting damage in the bridge. In general, higher rates of damage detection were 
seen for the more localized and severe damage scenarios (girder fracture) compared to the less 
severe damage scenarios (5% corrosion) as expected.  
A few different ANN parameters were analyzed in this section, and the results suggest some 
interesting trends. A summary of the damage detection results of each scenario can be seen in 
Table 32, with the optimal parameters noted in the grey boxes. 
77 
 
Table 32. Optimal parameters for damage detection. 
Comparison Component Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G6-S8  
Including G6-S8 33.3% 29.2% 37.5% 25.0% 33.3% 50.0% 













2 3 3 1 1 4 1 
10 1 1 2 2 1 3 
20 2 2 3 3 2 2 
50 4 4 4 4 3 4 
 
When comparing Trials 1-24 to Trials 25-48, higher rates of damage detection were experienced 
when the strain gauge G6-S8 was removed from the dataset. This suggests that high prediction 
errors in the training phase of the model indicate that the model may benefit from removing a 
particular strain gauge. 
The results from the table show that the training algorithm did not have significant effects on 
damage detection; in some trials the Levenberg-Marquardt algorithm was better at detecting 
damage, while in others the Bayesian Regularization was optimal. This is not surprising, as the 
effects of the training algorithm on the prediction errors of the model during the training phase 
were also negligible for Trials 1-48. This conclusion is important, however, because it suggests 
that similar rates of damage detection can be obtained but in much less model training time when 
using the Levenberg-Marquardt training algorithm. 
The results included above suggest that the number of neurons does affect the model’s ability to 
detect damage. The more generalized ANNs (less neurons) showed higher rates of detection for 
the girder fracture, while they showed lower rates of detection for the subtler damage scenarios 
like 5% corrosion and full deck delamination. To optimize the damage detection across all damage 
scenarios tested in this study, the optimal would be approximately 10 neurons. In the training phase 
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of the models, 10 neurons was the number that resulted in the lowest prediction errors when tested 
against truck events with undamaged conditions, so this aligns with previous results.  
Another key discovery was that Trial 59 and Trial 60, which were trained solely on northbound 
and southbound truck events respectively, had higher rates of damage detection for all scenarios 
compared to Trial 31, which had the same ANN architecture but included both northbound and 
southbound truck events. This is particularly meaningful because the fascia girder corrosion, girder 
fracture, and the southbound deck delamination are all simulated in the southbound lane of traffic. 
Trial 59, which was only trained using northbound truck events, was still able to detect damage at 
higher percentages compared to Trial 31 despite being trained and tested using truck events further 
away from the damage. This supports the idea that one model should be trained for each direction 
of truck event. 
Most importantly, damage was detected for all trials, which is promising for future work. 
Investigation into the damage localization capabilities of these trials is presented in the next 
section. 
 
5.4 ANN Damage Localization 
 
In this section, the final ANN model’s ability to localize damage both longitudinally and 
transversely was assessed. The same truck events with simulated damage conditions used in 
Section 5.3 were analyzed for this section: the 20 truck events with simulated damage conditions 
and 400 truck events with undamaged conditions, compiled over 20 different damage runs. As a 
result, the prediction errors from 400 truck events with simulated damage conditions were 
compiled and analyzed separately as 214 southbound events and 186 northbound events. 
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There are unique requirements for each damage scenario to determine whether the damage 
scenario was effectively localized, as shown in Table 7. There was no evaluation of the model’s 
ability to localize damage for Case 3a, as this scenario involved deck delamination across the entire 
width and length of the main bridge span. 
Table 33: Description of damage scenarios and localization criteria used. 
Damage Scenario Description Localization Criteria 
Case 1a. 
Fascia Girder Corrosion: 5% reduction of the 
elastic modulus of the web of Girder 1 across 
the entire length of the span 
Largest prediction error anywhere 
along Girder 1 
Case 1b. 
Fascia Girder Corrosion: 15% reduction of the 
elastic modulus of the web of Girder 1 across 
the entire length of the span 
Largest prediction error anywhere 
along Girder 1 
Case 1c. 
Fascia Girder Corrosion: 25% reduction of the 
elastic modulus of the web of Girder 1 across 
the entire length of the span 
Largest prediction error anywhere 
along Girder 1 
Case 2. 
Girder 2 Fracture: A section of Girder 2 at the 
midspan is altered to have an elastic modulus 
close to zero 
Largest prediction error at the 
midspan of Girder 2 
Case 3a. 
Full Deck Delamination: 35% reduction in the 
elastic modulus of the deck concrete across 
the entire bridge deck 
Not applicable 
Case 3b. 
Half Deck Delamination: 35% reduction in the 
elastic modulus of the deck concrete across 
the southbound deck lane 
Largest prediction error anywhere 
along Girder 1 or Girder 2 
 
As was done with the linear regression analysis, an example of the damage localization results 
from one northbound and one southbound truck event was given for each damage scenario as well 
as the percentage of northbound and southbound truck events that the final ANN model was able 
to effectively localize. 
5.4.1. Case 1: Girder 1 Corrosion 
 
For Case 1, damage was considered localized if the largest prediction error occurred anywhere 
along Girder 1. Figure 25 shows an example of a northbound truck event with 5% corrosion and a 




Figure 25. Prediction error of the Trial 1 final ANN model for a Case 1a northbound truck event with simulated 
damage conditions. 
The northbound truck event with simulated damaged conditions was considered effectively 
localized for this example event, with the largest prediction error of 170% occurring at G1-S8. 
This same process was repeated for all 186 northbound events for all trials, and the damage 
localization results from all trials can be found in Table 34. 
Table 34. Percentage of northbound truck events that effectively localized damaged for Case 1 Trials 1-48. 
 
Case 1: Girder 1 Corrosion 




















1 98.9% 98.9% 98.9% 25 93.0% 93.0% 88.2% 
2 98.9% 98.9% 99.5% 26 87.1% 84.9% 82.3% 
3 98.9% 98.9% 98.9% 27 99.5% 98.9% 98.9% 
4 98.9% 98.9% 98.9% 28 98.9% 98.9% 98.9% 
5 98.9% 98.4% 98.4% 29 98.4% 98.4% 98.4% 
6 98.9% 98.9% 98.9% 30 98.9% 98.9% 98.9% 
7 98.9% 98.9% 98.9% 31 98.9% 98.9% 98.9% 
8 98.9% 98.9% 98.9% 32 98.9% 98.9% 98.9% 




Case 1: Girder 1 Corrosion 




















10 98.4% 98.9% 98.9% 34 98.9% 98.9% 98.9% 
11 98.9% 98.9% 98.9% 35 98.9% 98.9% 98.9% 
12 98.9% 98.9% 98.9% 36 98.9% 98.9% 98.9% 
13 83.9% 84.9% 86.6% 37 83.9% 87.6% 93.0% 
14 97.8% 97.8% 97.8% 38 95.2% 95.2% 96.2% 
15 98.4% 98.4% 98.4% 39 98.4% 98.4% 98.4% 
16 97.8% 97.8% 97.8% 40 98.9% 98.4% 98.9% 
17 96.8% 96.8% 97.3% 41 97.3% 97.8% 97.8% 
18 98.9% 98.9% 98.9% 42 98.9% 98.9% 98.9% 
19 98.9% 98.9% 98.9% 43 87.1% 90.9% 94.1% 
20 98.9% 98.9% 98.9% 44 98.9% 98.4% 98.4% 
21 96.8% 96.8% 97.3% 45 96.8% 96.8% 97.8% 
22 98.9% 98.9% 98.9% 46 98.9% 98.9% 98.9% 
23 98.4% 98.4% 98.9% 47 98.9% 98.9% 98.9% 
24 98.4% 98.9% 98.9% 48 97.8% 97.8% 97.8% 
 
The results above indicate that all trials were effective at localizing damage using the northbound 
truck events. Because most of the trials had average percent effectiveness over 95%, a meaningful 
comparison cannot really be made when looking at the ANN parameters; they all perform well. 
The same process was repeated for southbound truck events. Figure 26 shows an example 




Figure 26. Prediction error of the Trial 1 final ANN model for a Case 1a southbound truck events with simulated 
damage conditions. 
The scale and view of this figure was set to match the equivalent northbound event, which makes 
it difficult to decipher the small differences between the southbound truck event with simulated 
damage conditions and the truck event with undamaged conditions. As shown in the figure, the 
largest prediction error of 10% occurred at the midspan of Girder 1. As a result, for this southbound 
truck event with simulated damage conditions the damage was considered to be effectively 
localized. Table 35 below shows the percentage of all southbound truck events with simulated 
damage conditions that each trial was able to localize. 
Table 35. Percentage of southbound truck events that effectively localized damaged for Case 1 Trials 1-48. 
 
Case 1: Girder 1 Corrosion 




















1 3.3% 0.0% 0.0% 25 4.2% 0.0% 0.0% 
2 1.4% 0.0% 0.0% 26 2.8% 0.0% 0.0% 




Case 1: Girder 1 Corrosion 




















4 0.9% 0.0% 0.0% 28 3.7% 0.0% 0.0% 
5 2.8% 0.0% 0.0% 29 4.7% 0.0% 0.0% 
6 0.9% 0.0% 0.0% 30 2.3% 0.0% 0.0% 
7 0.9% 0.0% 0.0% 31 2.8% 0.0% 0.0% 
8 1.4% 0.0% 0.0% 32 2.8% 0.0% 0.0% 
9 3.7% 0.0% 0.0% 33 6.5% 0.0% 0.0% 
10 0.9% 0.0% 0.0% 34 1.4% 0.0% 0.0% 
11 0.9% 0.0% 0.0% 35 2.3% 0.0% 0.0% 
12 1.4% 0.0% 0.0% 36 2.3% 0.0% 0.0% 
13 1.4% 0.0% 0.0% 37 0.9% 0.0% 0.0% 
14 1.9% 0.0% 0.0% 38 10.7% 0.0% 0.0% 
15 6.5% 0.0% 0.0% 39 7.0% 0.0% 0.0% 
16 7.9% 0.0% 1.4% 40 14.0% 0.0% 0.0% 
17 1.9% 0.0% 0.0% 41 3.3% 0.0% 0.0% 
18 1.4% 0.0% 0.0% 42 3.3% 0.0% 0.0% 
19 2.8% 0.0% 0.0% 43 3.7% 0.0% 0.0% 
20 2.8% 0.0% 0.0% 44 7.9% 0.0% 0.0% 
21 1.9% 0.0% 0.0% 45 2.8% 0.0% 0.0% 
22 0.9% 0.0% 0.0% 46 2.3% 0.0% 0.0% 
23 2.8% 0.0% 0.0% 47 4.7% 0.0% 0.0% 
24 3.3% 0.0% 0.0% 48 6.1% 0.0% 0.0% 
 
As shown in the table, the trails were able to localize damage for some of the southbound truck 
events with 5% corrosion, but not as the damage increased. For all but one trial, removing G6-S8 
resulted in higher damage localization rates for Case 1a, as shown by the grey boxes highlighted; 
however, this still did not result in effective localization of the southbound truck events. Table 26 
shows the results when Trial 59 and Trial 60 were tested only on northbound and southbound truck 





Table 36. Percentage of truck events that effectively localized damaged for Case 1 Trials 59-60. 
 Case 1: Girder 1 Corrosion 
 













Trial 59 81.3% 84.5% 90.0% - - - 
Trial 60 - - - 3.8% 0.5% 0.8% 
 
The results from the table indicate that when trained on only northbound events, the damage 
localization capabilities of the model were worse than when trained using both northbound and 
southbound events, which is determined by comparing Trial 59 to Trial 31. Trial 60 was trained 
only using southbound truck events, which still did not result in effective damage localization of 
the southbound truck event with simulated damage in this scenario. 
5.4.2. Case 2: Girder 2 Fracture 
  
The same process was repeated for the Case 2 girder fracture at midspan. To be considered 
effectively localized, the largest prediction errors of the final ANN model needed to occur at the 
midspan of Girder 2, which corresponds to G2-S6. Figure 27 shows an example of a northbound 




Figure 27. Prediction error of the Trial 1 final ANN model for a Case 2 northbound truck event with simulated 
damage conditions. 
As shown in the figure, the largest prediction error of approximately 140% occurred at G2-S6, 
making the damage effectively localized for this sample northbound event with Case 2 simulated 
damage. The same process was repeated for the southbound truck events, with an example event 




Figure 28. Prediction error of the Trial 1 final ANN model for a Case 2 southbound truck events with simulated 
damage conditions. 
The example shown has a prediction error of approximately 140% at G2-S6, but the largest 
prediction error of approximately 220% occurred at G5-S10. The damage was thus not effectively 
localized for this event. Table 37 shows a summary of the percentage of northbound and 
southbound truck events with simulated damage conditions that were effectively localized for 
Trials 1-48. 
Table 37. Percentage of truck events that effectively localized damaged for Case 2 Trials 1-48. 




After Removing  
G6-S8 
Northbound Southbound Northbound Southbound 
1 98.4% 6.1% 25 98.4% 10.7% 
2 98.4% 27.6% 26 96.8% 0.5% 
3 96.8% 4.2% 27 96.8% 35.5% 
4 95.2% 0.0% 28 89.2% 0.9% 
5 99.5% 83.2% 29 99.5% 42.5% 
6 98.9% 1.9% 30 100.0% 6.1% 
7 95.7% 31.8% 31 98.9% 15.0% 
8 98.9% 57.0% 32 98.9% 55.1% 
9 99.5% 84.6% 33 99.5% 52.3% 
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After Removing  
G6-S8 
Northbound Southbound Northbound Southbound 
10 99.5% 18.7% 34 100.0% 9.3% 
11 99.5% 40.2% 35 100.0% 18.7% 
12 97.8% 62.1% 36 98.9% 34.1% 
13 98.4% 0.9% 37 97.8% 1.4% 
14 91.9% 0.5% 38 90.3% 3.3% 
15 52.2% 0.9% 39 26.3% 0.9% 
16 38.2% 0.0% 40 67.2% 0.0% 
17 100.0% 89.3% 41 99.5% 23.4% 
18 97.8% 0.9% 42 97.3% 2.8% 
19 97.3% 3.3% 43 96.2% 1.4% 
20 90.9% 5.1% 44 79.0% 1.4% 
21 100.0% 19.2% 45 100.0% 63.6% 
22 98.4% 0.9% 46 98.4% 3.7% 
23 96.2% 1.4% 47 96.8% 10.3% 
24 87.6% 13.1% 48 90.9% 5.1% 
 
As shown in the table, the percentage of northbound truck events with simulated damage 
conditions that resulted in effective damage localization remained high for most trials. Each 
vertical grouping of four trials used 2, 10, 20, and 50 neurons in that order; in some cases, using 
fewer neurons resulted in more damage localization, which was a trend seen during the damage 
detection analysis as well. Table 38 shows the results when the trials trained only using one 
direction of truck event were analyzed. 
Table 38. Percentage of truck events that effectively localized damaged for Case 2 Trials 59-60. 
 Case 2: Girder 2 Fracture 
 Northbound Southbound 
Trial 59 98.0% - 
Trial 60 - 12.3% 
 
Effective localization can be seen for the northbound truck events with simulated damage 
conditions, but still not for the southbound. Training the model only using the southbound truck 
events thus did not help with damage localization in this scenario. 
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5.4.3. Case 3: Deck Delamination 
 
The last case analyzed was southbound deck delamination, whereby the largest prediction error 
must occur anywhere along Girder 1 or Girder 2 for damage to be considered localized. Figure 29 
shows the prediction errors from a northbound truck events with simulated damage conditions. 
 
Figure 29. Prediction error of the Trial 1 final ANN model for a Case 3b northbound truck events with simulated 
damage conditions. 
The largest prediction error for the event above was 16% and occurred at Girder 1 and Girder 2, 
while other significant prediction errors can also be seen at G1-S6 and G4-S4. Damage was thus 





Figure 30. Prediction error of the Trial 1 final ANN model for a Case 3b southbound truck event with simulated 
damage conditions. 
For this southbound truck event, the largest prediction errors can be seen at Girder 4 and Girder 5 
and thus damage was not effectively localized. Table 29 gives the full results of the percentage of 
truck events with simulated damage conditions that were effectively localized for the Case 3b 
scenario. 
Table 39. Percentage of truck events that effectively localized damaged for Case 3b Trials 1-48. 




After Removing  
G6-S8 
Northbound Southbound Northbound Southbound 
1 86.0% 0.0% 25 87.6% 0.0% 
2 97.3% 0.0% 26 98.9% 0.5% 
3 98.9% 0.5% 27 98.9% 8.4% 
4 98.4% 0.0% 28 97.8% 4.2% 
5 97.8% 0.0% 29 98.4% 0.0% 
6 98.9% 0.5% 30 99.5% 5.1% 
7 98.9% 4.2% 31 99.5% 8.9% 
8 98.9% 54.7% 32 100.0% 70.6% 
9 97.8% 0.0% 33 98.4% 0.0% 
10 99.5% 3.7% 34 99.5% 0.9% 
11 100.0% 8.4% 35 99.5% 2.8% 
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After Removing  
G6-S8 
Northbound Southbound Northbound Southbound 
12 99.5% 47.7% 36 100.0% 79.9% 
13 96.8% 0.5% 37 97.3% 0.0% 
14 99.5% 1.4% 38 98.9% 1.4% 
15 97.8% 0.5% 39 98.4% 0.9% 
16 99.5% 14.0% 40 95.7% 2.8% 
17 96.2% 1.9% 41 92.5% 0.0% 
18 97.8% 0.0% 42 97.8% 22.4% 
19 98.9% 22.9% 43 100.0% 17.8% 
20 98.9% 15.0% 44 98.9% 0.0% 
21 90.9% 0.0% 45 96.2% 8.9% 
22 97.8% 0.5% 46 98.9% 29.4% 
23 98.9% 8.4% 47 98.9% 26.2% 
24 98.9% 0.5% 48 98.9% 0.0% 
 
As shown in the table above, the northbound events were able to localize damage well with almost 
all trials having over 90% of the truck events with simulated damage conditions successfully 
localized. In general, there was little variation in the results between the trials for the northbound 
events, thus making it difficult to compare multiple trials. The grey boxes indicate where Trials 
25-48 were either the same or superior than Trials 1-24; in most but not all cases it was 
advantageous to remove G6-S8 from the dataset.  
For this damage scenario, some of the southbound truck events were also localized better for Trials 
8, 12, 32, and 36. These trials all used the Levenberg-Marquardt training algorithm with 50 
neurons, suggesting that more neurons may help for damage localization of this damage scenario. 
Following, the damage localization results for Trials 59-60 are included in Table 40. 
Table 40. Percentage of truck events that effectively localized damaged for Case 3 Trials 59-60. 
 Case 3: Southbound Deck Delamination 
 Northbound Southbound 
Trial 59 100.0% - 




The results from the table above suggest that even when the model is trained only on southbound 
events, the model cannot localize damage using the southbound truck events for this scenario.  
5.4.4 Discussion 
 
Most of the trials were able to localize damage effectively when analyzing the northbound truck 
events; however, the results from the southbound truck events were curiously poor. Despite 
adjusting multiple parameters, the southbound truck events could not be effectively localized.  
This is particularly meaningful when analyzing Trials 59-60. The trial trained using only 
northbound truck events, Trial 59, was able to localize damage well in all scenarios. Meanwhile, 
training Trial 60 using only southbound events did not help effectively localize damage in any of 
the damage scenarios compared to Trials 1-48, despite having low prediction errors in the training 




Similar to the results from the linear regression analysis in Chapter 4, all 60 ANN trials were 
evaluated for the following parameters: model training time, preliminary model testing, and ability 
to detect and localize the three damage scenarios. It was shown that the number of neurons, the 
training algorithm, and the number of ANNs at each station greatly affected model training time, 
but the prediction errors of the ANNs were minimized when using 10 neurons and the Levenberg-
Marquardt training algorithm or when using 20 neurons and the Bayesian Regularization 
algorithm. It was also shown that the prediction error from the preliminary model testing when 
using just 20 ANNs at each station was approximately the same as when using 100 ANNs at each 
station, but with reduced training times of up to 75%. The number of neurons, training algorithm, 
and number of ANNs at each station all affect the model’s generalization capabilities. These results 
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indicate that when using the Bayesian Regularization algorithm in combination with multiple 
ANNs at each station, the result is a well-trained, generalized model but at the cost of significantly 
increased training times. By using the faster Levenberg-Marquardt training algorithm in 
combination with 20 ANNs at each station, the benefit of the faster training algorithm is gained 
while also retaining the better generalization capabilities that come with having multiple ANNs at 
each station. In terms of model training time and preliminary model testing, using 20 ANNs at 
each station in combination with the Levenberg-Marquardt training algorithm resulted in the most 
efficient ANN trial with the lowest prediction errors. Furthermore, it was shown that using only 
the maximum strains at each location during a truck event resulted in the lowest prediction errors 
for the model, and that training separate models for northbound and southbound strains resulted in 
similar prediction errors as when combining the two truck event types. 
Looking at damage detection, it was shown that all trials detected damage in all scenarios, thus 
indicating that the ANN parameters are more likely to affect training time and usability rather than 
the specific outcome. The optimal number of neurons was found to be approximately 10 neurons 
such that the percentage of runs with detected damage could be maximized for all damage 
scenarios. However, one important conclusion was that the models trained on exclusively 
southbound or northbound events were better able to detect damage in all scenarios. As all of the 
damage scenarios were simulated on the southbound traffic lane, it was surprising that the model 
trained only using northbound truck events was better able to detect damage when compared to a 
trial where the model was trained using both northbound and southbound truck events. This further 
emphasizes the recommendation to train separate models for the two truck event types. 
Lastly, the results from the damage localization analysis indicated that all trials were able to 
localize damage in all damage scenarios for more than approximately 95% of the northbound truck 
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events with simulated damage conditions. However, the results indicated that even when a model 
was trained solely on southbound truck events, localization was not possible. Most trials resulted 
0-20% of the southbound truck events with simulated damage conditions being effectively 
localized. This suggests that the response from the southbound truck events with simulated damage 
is not necessarily wrong, but perhaps just does not agree with the localization criteria used in this 














The purpose of this chapter is to provide a thorough comparison of the results of the linear 
regression and ANN analyses. Similar to the previous chapters, the criteria that were evaluated 
include the following: 
1. the ability to accurately predict the strain at each location 
2. the ability to detect damage 
3. the ability to localize damage 
In most cases, Trial 1 is used to compare with the linear regression analysis for efficiency. Trial 1 
has just 1 ANN at each station with 2 neurons, and was trained using the Levenberg-Marquardt 
training algorithm. As the linear regression analysis was performed with all 27 stations, only Trials 
1-24 are compared directly to the final linear regression model. Section 6.2 discusses the results 
from the model training phase, while Section 6.3 and 6.4 address damage detection and localization 
respectively. The goal is then to provide a recommended approach based on the advantages and 
disadvantages of each training methodology, which is summarized in Section 6.5. 
 
6.2. Model Training 
 
The first criterium evaluated was the final model’s ability to predict the strain at each location 
under undamaged conditions. Having low prediction errors with narrow confidence intervals in 
the training phase provides the user with more certainty in the model if significant prediction errors 
do occur when using the model for damage detection purposes. Table 41 shows a summary of the 
prediction errors of the linear regression model compared to Trial 1. 
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Table 41. Comparison of model prediction errors for the final linear regression and ANN models. 
 Linear Regression Trial 
 




































G1 – S2 0.381 2.95% -1.36 0.85  0.358 2.76% -1.15 0.74 
G1 – S6 1.916 12.44% -3.85 5.78  1.334 6.60% -3.61 5.17 
G1 – S8 0.312 4.34% -0.82 0.79  0.325 4.35% -0.79 0.71 
G1 – S10 0.459 4.09% -1.76 1.20  0.452 3.85% -1.61 1.22 
G2 – S2 0.964 3.33% -2.79 2.17  0.965 3.37% -2.57 2.33 
G2 – S4 0.775 4.37% -2.34 3.21  0.763 4.71% -2.19 2.53 
G2 – S6 1.587 3.73% -6.09 3.61  1.078 2.51% -3.90 2.55 
G2 – S8 0.560 3.12% -1.37 1.43  0.576 3.17% -1.91 1.46 
G2 – S10 0.678 2.19% -1.81 2.18  0.578 1.81% -1.77 1.55 
G3 – S2 1.646 4.41% -4.05 4.79  1.505 4.06% -4.10 4.42 
G3 – S4 0.472 1.54% -1.15 1.13  0.461 1.50% -1.15 1.04 
G3 – S6 1.232 2.11% -2.43 5.60  0.910 1.58% -1.84 4.00 
G3 – S8 0.596 2.30% -1.76 1.44  0.538 2.14% -1.39 1.47 
G3 – S10 0.780 1.92% -3.27 2.63  0.835 2.06% -3.32 2.53 
G4 – S2 1.058 2.85% -2.86 2.36  0.673 1.85% -1.73 1.67 
G4 – S4 0.425 1.70% -1.31 1.14  0.330 1.31% -0.97 0.88 
G4 – S6 1.399 2.81% -3.58 2.96  1.172 2.25% -2.57 2.63 
G4 – S8 0.644 2.83% -1.46 1.33  0.613 2.73% -1.41 1.28 
G4 – S10 1.107 3.69% -2.36 2.42  0.970 3.10% -2.08 2.22 
G5 – S2 0.378 1.78% -1.00 0.75  0.407 1.93% -1.06 0.75 
G5 – S6 1.176 4.54% -3.12 3.60  0.752 3.04% -1.56 2.01 
G5 – S8 0.436 3.69% -1.61 1.35  0.407 3.51% -1.73 1.11 
G5 – S10 1.427 8.89% -3.35 3.52  1.164 6.99% -2.67 2.90 
G6 – S2 0.272 4.50% -0.76 0.73  0.262 4.28% -0.78 0.74 
G6 – S4 0.198 5.85% -0.58 0.54  0.199 6.02% -0.64 0.52 
G6 – S6 0.599 5.62% -1.82 1.52  0.474 4.47% -1.52 1.12 
G6 – S8 1.742 28.22% -8.46 8.76  1.769 29.35% -8.55 8.54 
AVERAGE 0.860 4.81%    0.736 4.27%   
 
The grey boxes indicate where the prediction errors for Trial 1 were lower than for the linear 
regression trial. In general, the Trial 1 had less prediction error and more narrow confidence 
intervals. When comparing Trial 1 to the rest of Trials 1-24, just two other trials had average 
prediction errors of approximately 4%, while the rest had lower prediction errors of approximately 
3%. Even though the results indicate slightly better performance from the final ANN models, the 
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linear regression model still produced approximately 5% prediction error in the model training 
phase thus providing a well-fit model from the training dataset. 
 
6.3. Damage Detection 
 
In this section, the ability of the final linear regression model to detect damage is compared to that 
of the final ANN models used in Trial 1 and Trial 6. Trial 1 and Trial 6 were selected because they 
show the range in damage detection results among the ANN Trials 1-24. To assess damage 
detection in Chapter 4 and Chapter 5, the p-value of the Wilcoxon rank sum test was analyzed as 
well as the percentage of damage runs with detected damage at each station. For comparison 
purposes, the average percentage of damage runs with detected damage across all stations was 
determined and can be seen in Table 42. 
Table 42. Comparison of the percentage of runs with detected damage across all stations for the final linear 





Linear Regression Model 
 
ANN Models 
  Trial 1 Trial 6 
Case 1a 5% Corrosion on Girder 1  37.8  44.4 52.2 
Case 1b 15% Corrosion on Girder 1  62.9  69.6 66.9 
Case 1c 25% Corrosion on Girder 1  76.5  77.8 66.3 
Case 2 Girder 2 Fracture  69.2  74.6 65.9 
Case 3a Deck Delamination  32.1  23.0 51.1 
Case 3b 







As shown in the table above, the results of the linear regression model were competitive with both 
ANN models; adjusting the ANN parameters slightly did indicate some trials with better detection 
rates, but at the most that only amounted to a difference of approximately 5-10%. Using the linear 
regression model, damage was detected in all damage scenarios with no Type I or Type II errors 
and thus again performed well against the ANN models. 
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6.4. Damage Localization 
 
A summary of the results from both the linear regression and Trial 1 of the ANN analysis can be 
seen in Table 43. When the initial linear regression analysis was performed, problems with damage 
localization were noted for the southbound truck event with simulated damage in all cases. At the 
time, it was unclear if a trained ANN model would be able to better localize damage, and thus 
ANNs were further pursued. 
Table 43. Summary of the linear regression and ANN damage localization results. 
 Linear Regression  ANN Trial 1 
 Northbound Events Southbound Events  Northbound Events Southbound Events 
Case 1a 98.9% 5.6%  98.9% 3.2% 
Case 1b 98.9% 0.0%  98.9% 0.0% 
Case 1c 98.9% 0.0%  98.9% 0.0% 
Case 2 98.4% 5.1%  98.4% 6.1% 
Case 3b 96.2% 0.0%  86.0% 0.0% 
 
The results from the ANN trials thus corroborate the findings from the linear regression analysis; 
because neither model was able to localize damage for the southbound truck events with simulated 
damage, it is likely that this is because of the localization criteria used and not the type of model 
used. As a result, the damage effects and localization results from the two truck events were further 
scrutinized. 
Looking at just the northbound truck events, Table 44 shows the change in strain as a result of 
each damage scenario compared to the undamaged condition. A positive number notes an increase 
in strain, where a negative number represents a decrease in strain. In the example shown, a truck 
was run in the undamaged scenario and in the damaged scenario and the percent change represents 
the difference at each location between the undamaged and damaged scenario when G5-S6 was at 
its maximum strain for the truck event. This same process is repeated to extract the percent changes 
in strain at all locations when each location is at its maximum. At some locations there are outliers 
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in the change in strains, but for the most part the trends shown below are representative of the 
changes in strain at each location under the various damage scenarios. Appendix 6 contains the 
full damage effects for all stations, but just those pertaining to G5-S6 are shown below.  
Table 44. Changes in strain from the simulated damage when G5-S6 is at its maximum strain for the northbound 
truck event. 
Sensor Station Case 1a Case 1b Case 1c Case 2 Case 3b 
G1 – S2 -22.1% -24.0% -26.5% 16.8% 5.5% 
G1 – S6 -26.7% -28.9% -31.6% 34.8% -11.7% 
G1 – S8 -33.6% -34.4% -35.5% 26.9% 6.1% 
G1 – S10 -29.7% -31.0% -32.7% 23.8% 4.5% 
G2 – S2 2.0% 2.9% 3.9% 1.0% 0.0% 
G2 – S4 4.0% 4.9% 5.8% 3.6% 0.4% 
G2 – S6 7.3% 8.3% 9.4% -54.4% -1.4% 
G2 – S8 6.5% 7.3% 8.2% 14.7% 0.9% 
G2 – S10 4.0% 4.8% 5.7% 3.1% 0.1% 
G3 – S2 1.2% 1.4% 1.6% 0.2% 1.3% 
G3 – S4 1.3% 1.5% 1.7% 1.0% 2.4% 
G3 – S6 -0.9% -0.8% -0.6% 2.6% 0.9% 
G3 – S8 1.4% 1.5% 1.7% 2.3% 2.9% 
G3 – S10 1.7% 1.9% 2.1% 1.5% 1.4% 
G4 – S2 0.2% 0.2% 0.3% -0.2% 1.2% 
G4 – S4 -0.2% -0.2% -0.1% -0.5% 1.5% 
G4 – S6 -3.4% -3.3% -3.3% -3.6% 1.1% 
G4 – S8 -0.3% -0.3% -0.3% -0.9% 1.6% 
G4 – S10 0.3% 0.3% 0.3% -0.1% 1.2% 
G5 – S2 0.1% 0.1% 0.1% -0.4% 1.0% 
G5 – S6 -2.7% -2.7% -2.7% -3.0% 0.6% 
G5 – S8 -0.3% -0.3% -0.3% -0.9% 1.1% 
G5 – S10 0.1% 0.1% 0.0% -0.5% 1.2% 
G6 – S2 2.2% 2.0% 1.9% 1.1% 0.3% 
G6 – S4 2.7% 2.6% 2.4% 1.5% 0.2% 
G6 – S6 1.8% 1.6% 1.4% 0.4% 0.1% 
G6 – S8 2.8% 2.7% 2.5% 1.6% 0.6% 
 
The orange outlines in the table indicate the localization criteria used previously, while the grey 
boxes indicate the largest percent change in strain from the induced damage scenario in the FEM. 
From the table, we can see that for each damage scenario the largest percent change in strain 
occurred within the localization requirement specified for each damage scenario, indicating that 
our localization criteria were appropriate for detecting damage in these truck events. It can also be 
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seen that the changes in strain at the other locations on the bridge were minimal compared to the 
locations near the induced strains, as expected.  
For the southbound truck events, the simulated truck events resulted in much more variation at 
each strain gauge. Table 45 shows the percent change at each location between the undamaged 
and damaged scenario when G5-S6 was at its maximum strain for the truck event, which includes 
the same damage scenarios and location analyzed as in the previous table but with the simulated 
truck event run in the opposite direction. 
Table 45. Changes in strain from the simulated damage when G5-S6 is at its maximum strain for the northbound 
truck event. 
Sensor Station Case 1a Case 1b Case 1c Case 2 Case 3b 
G1 – S2 -5.0% -8.5% -12.5% 6.5% -0.5% 
G1 – S6 -4.8% -8.5% -12.8% 15.8% -3.7% 
G1 – S8 -6.2% -9.2% -12.7% 9.0% 0.5% 
G1 – S10 -6.4% -9.6% -13.2% 8.0% 0.5% 
G2 – S2 2.0% 4.8% 8.2% 2.3% 2.2% 
G2 – S4 2.3% 4.8% 7.7% 4.0% 4.2% 
G2 – S6 1.8% 4.4% 7.5% -62.1% 3.9% 
G2 – S8 3.0% 5.4% 8.2% 13.7% 6.6% 
G2 – S10 2.7% 5.4% 8.5% 2.3% 5.5% 
G3 – S2 2.3% 3.5% 4.9% 3.7% 2.3% 
G3 – S4 2.2% 3.2% 4.3% 5.3% 3.9% 
G3 – S6 -0.2% 0.9% 2.1% 11.7% 3.5% 
G3 – S8 2.1% 3.0% 4.0% 7.2% 5.7% 
G3 – S10 2.7% 3.7% 4.9% 4.5% 5.4% 
G4 – S2 2.6% 2.9% 3.3% 5.0% 0.9% 
G4 – S4 2.6% 2.9% 3.1% 5.0% 1.1% 
G4 – S6 0.6% 0.9% 1.2% 2.7% -0.5% 
G4 – S8 2.6% 2.8% 3.0% 3.4% 1.1% 
G4 – S10 2.7% 3.0% 3.3% 4.6% 2.1% 
G5 – S2 3.2% 2.6% 1.8% 4.1% -0.6% 
G5 – S6 1.8% 1.3% 0.7% 3.6% -2.1% 
G5 – S8 3.3% 2.7% 1.9% 2.2% 0.4% 
G5 – S10 3.2% 2.6% 1.9% 3.0% -0.1% 
G6 – S2 -1.6% 11.8% 27.4% 19.4% 21.0% 
G6 – S4 -0.1% 9.6% 21.0% 16.8% 17.2% 
G6 – S6 4.7% 22.3% 42.8% 40.9% 25.7% 




The location of the maximum change in strain is displayed in the grey boxes; however, that 
location changed depending on which station was being analyzed at its maximum strain. The table 
above indicates that the maximum percentage change in strain induced by the damage did not 
occur within the localization criteria used in this analysis for three of the damage scenarios. 
Furthermore, the analyses in Appendix 6 show that there was more variability in the damage effects 
from the simulated southbound events compared to the northbound events, with significantly 
higher damage effects along Girder 6 for the southbound truck events.   
Looking at Case 3b as an example, we can see that the strains increased at Girder 2, Girder 3, and 
Girder 6 while the only locations where the strain decreased occurred at Girder 4 and Girder 5. It 
can thus be inferred that the southbound deck delamination caused higher strains near the location 
of damage at Girder 2 and Girder 3 and distributed that additional load due to the reduced stiffness 
longitudinally across the girders, which resulted in higher changes in strain at the pier stations 
compared to the midspan stations.  
For all analyses in the damage localization analysis, the results were normalized such that the 
prediction error represents the difference between the actual strain at each location and the 
predicted strain from the final trained model. A positive prediction error indicates that the model 
predicted a strain larger than the actual strain, while a negative prediction error indicates that the 
actual strain is larger than the prediction given by the model. Figure 31 shows the prediction errors 




Figure 31. Prediction error of Trial 1 ANN for a sample southbound truck event with simulated damage conditions. 
This figure indicates that although the largest prediction error does not occur in the southbound 
lane, the positive and negative signs of the prediction error are meaningful and do yield information 
about the behavior of the structure under damaged conditions. At Girder 2, which is located 
directly below the southbound lane, the final ANN model was underpredicting the strain; in this 
damage scenario, we saw a strain increase at that location as mentioned previously. Likewise, the 
trained ANN overpredicted the strain at locations on Girder 1, Girder 4, and Girder 5; as noted in 
the table above, these were the locations that experienced reductions in strain as a result of the 
damage scenario and thus the model is overpredicting the strain at those locations. Although it 
does not fit the localization criteria used in the previous analyses, the information produced by the 
trained model can be used for damage localization so long as engineering judgement is used. 
Finally, Figure 32 shows the prediction errors of the linear regression model for the same truck 




Figure 32. Prediction error of the trained linear regression model for a sample southbound truck event with 
simulated damage conditions. 
As shown in the figure above, the exact same trends in terms of prediction errors can be seen when 
using the linear regression model compared to using the ANN model of Trial 1. This again 
corroborates the results of both models and indicates that with proper interpretation, the truck 
events with simulated damaged conditions can yield useable information about the location of 
changes in structural behavior on the bridge. 
As noted previously, the damage effects for all damage scenarios simulated on the southbound 
truck events were much larger along Girder 6 compared to the northbound truck events. Girder 6 
is located just below a sidewalk on the northbound side of the bridge, so the strains for southbound 
truck events tended to be very small (approximately 5 microstrain) while the readings were slightly 
larger for the northbound truck events (approximately 15 microstrain). Because the value of the 
strain reading was so small for southbound truck events, the percent change induced by the damage 
effects ended up being larger at those locations, as shown in Appendix 6. This could be affecting 
the damage localization capabilities of the model when tested with southbound truck events with 
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simulated damage conditions. As a result, the strains from all locations along Girder 6 were 
removed and two additional ANN models were trained to analyze the results: one using only 
northbound truck events, and one using only southbound truck events. The full results from these 
two trials can be found in Appendix 8 as complementary trial (CT) 1 and 2. Table 46 shows the 
damage localization results of these two trials when compared to ANN Trial 1. ANN Trial 1 was 
trained and tested on both northbound and southbound truck events, while CT1 and CT2 were 
trained exclusively on northbound or southbound truck events respectively. 
Table 46. Comparison of the ANN damage localization results after strains from Girder 6 were removed. 





 Northbound Events Southbound Events 
Case 1a 98.9% 3.2%  98.3% 49.3% 
Case 1b 98.9% 0.0%  98.8% 50.5% 
Case 1c 98.9% 0.0%  98.8% 51.5% 
Case 2 98.4% 6.1%  88.5% 90.3% 
Case 3b 86.0% 0.0%  46.5% 55.0% 
 
The results shown in Table 46 indicate that removing the strains from Girder 6 largely helped with 
damage localization of the southbound truck events with simulated damage conditions. 
Conversely, removing the strain readings of Girder 6 from the model trained only using 
northbound truck events resulted in a reduction of damage localization ability in some damage 
scenarios. This suggests that when selecting the stations used to train the model, only those with 
strain readings over approximately 10 microstrain should be used for increased damage 










Based on the findings in the previous chapters, both the linear regression and ANN approach 
proved to be effective at detecting and localizing damage for the three damage scenarios tested in 
this research. It is easier to have confidence in a trained ANN model because no relationship 
between the variables is assumed. However, interpreting the relationship between the different 
variables in an ANN is more complicated and a deep understanding is required to implement and 
interpret results when using ANNs. Once the model has been trained, it is possible to relate 
variables numerically through the activation functions, weights, and biases, but deciphering these 
relationships is difficult when many layers and neurons are involved. 
Results from the final linear regression model are perhaps of more value to the engineer. Once the 
model has been trained, each variable is given a coefficient that relates all stations on the bridge 
to one other. This information could be very useful in interpreting current and future behavior of 
the bridge. A regression analysis is the simplest mechanism for characterizing the relationship 
between the strains at the various locations on the bridge. The optimal coefficients can be solved 
explicitly through matrix operations or implicitly through an algorithm such as gradient-descent 
(Yan & Su, 2009). A downfall to linear regression is that in complex applications, the relationships 
between variables may not fit well to a linear model. 
Because of its simplicity and power, linear regression is the recommended first approach for initial 
model training. If a model is able to be trained using linear regression with low prediction errors 
of approximately 5%, the results in this research indicate that that should be sufficient to detect 
and localize damage. Should the linear model not train well, the ANN methodology is likely to be 
able to train an appropriate model.  
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A few conclusions can be made regarding which strain gauges to include in the dataset, how to 
extract the strain readings from a truck event, and which parameters yielded optimal detection 
results. Firstly, extracting just the maximum strain at each location for a truck event proved 
beneficial in this research. This way, similar loading conditions were simulated and the signal-to-
noise ratio was higher than when including lower strain readings. It was also shown to be beneficial 
to remove stations that do not perform well in the training phase; high prediction errors from a 
station in the training phase contributed to less damage detection. Lastly, there is evidence 
supporting the division of northbound and southbound truck events; because the direction of the 
truck results in different relationships between the strains, it was beneficial in most cases to train 
a model separately using northbound events and an additional model using southbound events. 
Looking more closely at the ANN parameters, it was concluded that no significant differences 
were detected when using the Levenberg-Marquardt training algorithm compared to the Bayesian 
Regularization, but model training times were reduced by approximately 75% when using the 
Levenberg-Marquardt algorithm. Next, it was shown that 20 ANNs at each station was enough to 
get a full representation of the dataset in this application. The training dataset contained 1509 truck 
events, suggesting that dividing the total number of training events in a future application by 
approximately 100 would yield a good starting point for how many ANNs to use at each station 
should more than one be used for generalization purposes. Finally, when looking at the number of 
neurons in the ANN, the ANNs containing fewer neurons tended to detect and localize damage at 
higher rates, but 20 and 10 neurons proved to be optimal for producing the lowest prediction errors 
when using the Levenberg-Marquardt and Bayesian Regularization algorithms respectively. 
106 
 
Finally, engineering judgement is critical for interpreting the results and extrapolating information 
about the current and future states of the system. However, this research has shown the power that 












The New Hampshire Department of Transportation (NHDOT) currently provides recommended 
guidelines to ensure the longevity of a bridge, including annual cleaning and clearing of debris, 
pavement crack sealing on a 10-year interval, and pavement inlay on 20-year intervals (NHDOT, 
2018). Despite these guidelines, however, damage and deterioration occur within these time 
intervals and are generally not identified until the nearest inspection every two years. Even still, 
some damage is identified during routine inspection but passes the inspection, thus further 
stressing the value of remote structure health monitoring (National Transportation Safety Board, 
2007). Using a data-driven model, damage can be detected and localized and give a bridge owner 
objective, useable information for decision making. The following sections discuss the 
applicability of this type of monitoring approach as well as a proposed monitoring strategy that 




The Powder Mill Bridge, a three-span steel girder bridge, served as the case study and thus the 
application of this research is targeted at similar bridges. Girder bridges are the oldest and most 
common bridge type in the world, and currently make up more than half of all state bridges in New 
Hampshire (NHDOT, 2018). Because of their prevalence and ease of construction, it is thus likely 
that girder bridges similar to the PMB will continue to be constructed in the United States.  
As mentioned in Chapter 3, the PMB is located adjacent to a waste management transfer station in 
a low-traffic area, and thus a typical loading event consists of a single-vehicle, heavy truck event. 
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A program is implemented to extract and store only truck events with a high signal-to-noise ratio, 
whereby the maximum positive strain induced by the truck event must be greater than 39 
microstrain (Follen et al., 2014). By using only single-vehicle, heavy truck events in this analysis, 
the behavior of the structure under similar loading conditions is analyzed and thus changes in the 
behavior that may indicate damage are more likely to be detected. This type of loading condition 
is not uncommon: examples include isolated bridges servicing coal mines in West Virginia, timber 
harvesting operations in Maine, or any other kind of manufacturing plant or distribution center 
with heavy shipments. 
The final ANN models in Trials 1-48 and the final linear regression model in this research used 
1509 training events compiled over the course of 4 years to characterize the undamaged state of 
the bridge. However, Trial 58 of the ANN analysis was only trained with 290 truck events and was 
able to detect some damage for all scenarios, but to a lesser degree than the other trials. This 
suggests that a bridge would need at least 500-1000 training events to be able to reliably 
characterize the undamaged state of the bridge, which could be collected over a period of a few 
years. Furthermore, this analysis was performed using strain readings at four or five different 
locations per girder at the critical locations for a three-span bridge. It is thus necessary to have an 
instrumentation system with sufficient strain gauges to capture the behavior of the bridge. 
Lastly, the critical assumption that is made when training a data-driven model for this application 
is that the trained model represents the healthy state of the bridge. If an existing bridge with damage 
was instrumented with strain gauges and a data-driven model was trained under the guidelines 
provided by this paper, the model would not be able to detect the existing damage in the bridge. It 
would, however, likely be able to detect any future changes in the structural behavior. The process 
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for how a model could be trained and continuously updated over the life of the bridge is further 
discussed in the next section. 
 
7.3 Proposed Monitoring Strategy 
 
This section discusses the integration of a data-driven model into a bridge structural health 
monitoring system. Firstly, a list of steps required to set up and train the initial model is provided 
in Table 47, as well as details regarding the Powder Mill Bridge case study. 
Table 47. Proposed procedure for training a data-driven model based on the results in this research. 
Step Powder Mill Bridge Overview 
1. Design an 
instrumentation plan. 
A strain gauge was placed at each location where maximum positive or 
negative bending stress occurred on the beam. This resulted in five locations 
per girder: one at the midspan, and four on either side of the two piers.  One 
strain gauge was placed on either side of the bottom flange at each location 
such that there were two readings in case one stopped working. Where both 
strain gauges were functioning, an average of the two strains was used. 
Sanayei et al. (2012) provides a detailed explanation of the instrumentation of 
the PMB. 
2. Develop a truck event 
processing program. 
A program was designed that identifies a heavy truck event on the bridge and 
then zeros out the strain reading from prior to the truck event, thus 
eliminating the effects of residual strains and temperature. See Follen et al. 
(2014) for additional information regarding this program. 
3. Collect training data. 
Data was collected over the course of 4 years, generating a total of roughly 
35,000 truck events. 
4. Filter data. 
Multi-vehicle events, vehicles not travelling centered on either the southbound 
or the northbound traffic lanes, and vehicle events generating a strain at 
midspan of less than 40 microstrain were eliminated. See Weinstein (2018) for 
additional information regarding event sorting. Once filtered, approximately 
2,000 single-vehicle, heavy truck events were available. 
5. Sort data into datasets. 
The truck events were randomly divided into two datasets: approximately 80% 
for training and 20% for testing is recommended in literature (Kim, 2017) and 
was used in this research.  
6. Train the preliminary 
model. 
Train a linear regression model using the 80% training dataset. Test the 
prediction error of the model on the 20% set aside for model testing.  
7. Adjust the model 
parameters. 
If the prediction errors are high, train an ANN model. Adjust the parameters as 
necessary to ensure the model produces low prediction errors of 
approximately 10% or less at each station. Check prediction errors at each 
location identify potential outliers and remove and retest if necessary. 
 
Once a trained model of the bridge has been developed, the model can then be tested at periodic 
intervals to determine if damage is detected. Bridge inspection routinely occurs every 24 months; 
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depending on how much data is available, the trained ANN could be tested every month, for 
example. Using one month’s worth of single-vehicle, heavy truck events, a Wilcoxon rank-sum 
test can be performed to test for a statistical difference between the prediction errors from the new 
events compared to the prediction errors from the testing dataset. Unless a change in structural 
behavior is detected, the model should not be retrained; however, if damage is detected and repairs 
are made to the bridge, a new model will need to be trained to represent the new, assumed healthy 
state of the bridge. Older versions of the trained model could potentially be used to analyze small, 
long-term changes in structural behavior such as creep or to retest the bridge after repairs have 
been made; more research is needed to confirm these hypotheses. Figure 33 represents a sample 
decision-making flow chart showing how a data-driven model can be integrated within existing 
inspection protocol for long-term monitoring. 
 




Chapter 8. Conclusions 
 
8.1 Summary of Work 
 
The Powder Mill Bridge was used as a case study to analyze the ability of a data-driven model to 
detect and localize damage. The model was trained based on the healthy state of the bridge, and 
three damage scenarios were simulated using a calibrated finite element model. Two different 
methodologies were used to train the model: linear regression and artificial neural networks 
(ANNs). The main goals of this project were (a) to provide justification for using a complex 
artificial neural network methodology in this application, (b) to conduct a sensitivity analysis of 
the ANN parameters to determine effects on damage detection and localization, and (c) to provide 
a recommended approach for future implementation in bridge management systems.  
Damage was detected for all scenarios using both methodologies, while damage localization 
required engineering judgement to interpret in some scenarios. The linear regression model proved 
to be just as effective at detecting and localizing damage compared to the ANN in this application, 
but with a much simpler algorithm and training process and thus is recommended as a starting 
point for future applications.  
Should the linear regression model not fit well, an artificial neural network is recommended for 
the same procedure. A total of 60 ANN trials were performed in this research, each with a unique 
set of ANN parameters and training data. Based on the results, a set of recommendations for 
optimal ANN parameters for damage detection in this application was provided.  
Finally, a bridge management strategy incorporating the use of data-driven models is proposed, 
including a procedure for data filtration, model training, model testing, and model updating. 
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 8.2 Future Work 
 
The results from this research look promising for both the future of the Powder Mill Bridge as well 
as other bridges nationwide; however, there are many other aspects of this analysis that can be 
pursued in future work. 
Regarding this research directly, further analysis could be done on the number of strain gauges 
needed to detect damage in the structure. This research introduced one method for filtering out 
unnecessary strain gauges; however, a full sensitivity analysis could be performed to better 
understand how many gauges are needed (and the location of the gauges) to fully characterize the 
bridge. Smarsly et al. (2016) recommends an approach. When selecting truck events for the 
training and testing of the models, the events recorded over the course of four years were 
purposefully randomized. However, further analysis could be done to determine the impact of 
seasonal and diurnal temperature changes on the strain readings. Furthermore, the results for 
damage localization varied significantly when comparing northbound truck events with simulated 
damage conditions to southbound truck events with simulated damage conditions. All damage 
scenarios were simulated on the southbound side of the bridge, but it would be helpful to also run 
tests simulating damage on the northbound side of the bridge to further draw conclusions regarding 
the importance of the direction of the truck event. Lastly, long-term monitoring of the PMB using 
this model would allow for confirmation of the recommended protocol provided in this study, and 
further information could be extracted regarding the type and severity of damage that the model is 
able to detect and localize. 
The next step in this research is then to apply and test this same methodology on a different bridge. 
The research in this paper focuses on bridges with heavy, single-vehicle truck events. For bridges 
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in high-traffic zones, other structural health monitoring instrumentation such as accelerometers or 
tiltmeters could be used as the input data to the model detecting damage over time. 
This methodology for training data-driven models could also be used for localized damage 
detection. The new Memorial Bridge constructed in Portsmouth, New Hampshire in 2009 became 
one of just a few bridges in the world to implement gusset-less bridge connections (UNH Living 
Bridge). Because of the lack of inspection protocol and data regarding these connections, training 
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APPENDIX 1: Computer Hardware and Software 
 
Computer Hardware:  
CPU Intel® Core™ i7-4770 CPU 
CPU Speed 3.40 GHz 
Cores 4 
Logical Processors 8 
Memory 32.0 GB DDR3 
Memory Speed 1333 MHz 
 
Computer Software: 




APPENDIX 2: Training Prediction Errors for ANN Trials 1-60 
 













G1 – S2 0.358 2.76% -1.15 0.74 
G1 – S6 1.334 6.60% -3.61 5.17 
G1 – S8 0.325 4.35% -0.79 0.71 
G1 – S10 0.452 3.85% -1.61 1.22 
G2 – S2 0.965 3.37% -2.57 2.33 
G2 – S4 0.763 4.71% -2.19 2.53 
G2 – S6 1.078 2.51% -3.90 2.55 
G2 – S8 0.576 3.17% -1.91 1.46 
G2 – S10 0.578 1.81% -1.77 1.55 
G3 – S2 1.505 4.06% -4.10 4.42 
G3 – S4 0.461 1.50% -1.15 1.04 
G3 – S6 0.910 1.58% -1.84 4.00 
G3 – S8 0.538 2.14% -1.39 1.47 
G3 – S10 0.835 2.06% -3.32 2.53 
G4 – S2 0.673 1.85% -1.73 1.67 
G4 – S4 0.330 1.31% -0.97 0.88 
G4 – S6 1.172 2.25% -2.57 2.63 
G4 – S8 0.613 2.73% -1.41 1.28 
G4 – S10 0.970 3.10% -2.08 2.22 
G5 – S2 0.407 1.93% -1.06 0.75 
G5 – S6 0.752 3.04% -1.56 2.01 
G5 – S8 0.407 3.51% -1.73 1.11 
G5 – S10 1.164 6.99% -2.67 2.90 
G6 – S2 0.262 4.28% -0.78 0.74 
G6 – S4 0.199 6.02% -0.64 0.52 
G6 – S6 0.474 4.47% -1.52 1.12 
G6 – S8 1.769 29.35% -8.55 8.54 





















G1 – S2 0.364 2.94% -1.08 0.75 
G1 – S6 1.620 9.79% -4.31 5.41 
G1 – S8 0.295 4.26% -0.91 0.73 
G1 – S10 0.453 3.85% -1.25 1.11 
G2 – S2 0.555 2.19% -1.43 1.30 
G2 – S4 0.690 4.18% -1.74 2.52 
G2 – S6 0.841 1.90% -2.91 2.73 
G2 – S8 0.444 2.58% -1.13 1.07 
G2 – S10 0.406 1.28% -2.04 1.33 
G3 – S2 1.106 3.13% -2.83 2.99 
G3 – S4 0.423 1.35% -1.13 1.04 
G3 – S6 0.916 1.59% -2.05 1.95 
G3 – S8 0.439 1.76% -1.37 0.95 
G3 – S10 0.449 1.14% -1.22 1.10 
G4 – S2 0.470 1.23% -1.27 1.35 
G4 – S4 0.311 1.21% -0.84 0.69 
G4 – S6 0.686 1.26% -1.70 1.66 
G4 – S8 0.462 2.10% -1.19 0.94 
G4 – S10 0.425 1.37% -1.35 0.96 
G5 – S2 0.245 1.13% -0.55 0.56 
G5 – S6 0.563 2.05% -1.84 2.69 
G5 – S8 0.328 2.83% -0.83 0.77 
G5 – S10 1.003 5.81% -2.76 1.73 
G6 – S2 0.214 3.34% -0.55 0.52 
G6 – S4 0.192 5.23% -0.51 0.45 
G6 – S6 0.508 4.25% -1.46 1.12 
G6 – S8 1.778 30.92% -8.21 8.91 

























G1 – S2 0.349 2.88% -0.97 0.78 
G1 – S6 1.293 7.52% -4.02 4.48 
G1 – S8 0.299 4.58% -0.71 0.66 
G1 – S10 0.389 3.58% -0.91 1.02 
G2 – S2 0.496 1.78% -1.18 1.36 
G2 – S4 0.582 3.61% -1.62 2.34 
G2 – S6 0.877 2.29% -2.58 2.57 
G2 – S8 0.451 2.37% -1.14 1.17 
G2 – S10 0.398 1.22% -1.25 1.05 
G3 – S2 1.068 2.93% -2.60 3.15 
G3 – S4 0.395 1.28% -0.87 0.78 
G3 – S6 0.817 1.41% -1.68 1.77 
G3 – S8 0.388 1.57% -1.28 0.96 
G3 – S10 0.517 1.31% -0.93 1.39 
G4 – S2 0.432 1.17% -1.01 1.28 
G4 – S4 0.333 1.35% -1.13 0.70 
G4 – S6 0.764 1.48% -1.92 1.85 
G4 – S8 0.321 1.36% -0.79 0.85 
G4 – S10 0.446 1.43% -1.17 0.98 
G5 – S2 0.216 1.06% -0.57 0.41 
G5 – S6 0.489 1.79% -1.03 1.64 
G5 – S8 0.347 2.83% -0.65 0.90 
G5 – S10 0.938 5.57% -2.91 2.05 
G6 – S2 0.220 3.31% -0.58 0.47 
G6 – S4 0.174 5.06% -0.55 0.53 
G6 – S6 0.535 4.30% -1.33 1.45 
G6 – S8 1.940 34.74% -7.46 9.10 


























G1 – S2 0.457 4.37% -1.37 1.52 
G1 – S6 1.532 13.41% -3.75 5.40 
G1 – S8 0.325 5.06% -1.01 0.94 
G1 – S10 0.399 3.66% -0.93 1.01 
G2 – S2 0.539 2.10% -1.62 1.58 
G2 – S4 0.733 4.69% -2.20 2.71 
G2 – S6 0.957 2.45% -2.78 2.87 
G2 – S8 0.502 2.93% -1.60 1.17 
G2 – S10 0.441 1.41% -1.39 1.17 
G3 – S2 1.355 3.85% -4.18 3.69 
G3 – S4 0.563 1.81% -1.87 1.48 
G3 – S6 0.776 1.39% -2.28 2.63 
G3 – S8 0.859 3.81% -2.82 1.73 
G3 – S10 0.422 1.05% -1.20 1.14 
G4 – S2 0.477 1.26% -1.23 1.25 
G4 – S4 0.364 1.43% -1.40 0.92 
G4 – S6 0.941 1.70% -2.08 1.58 
G4 – S8 0.462 1.96% -1.22 0.97 
G4 – S10 0.657 1.96% -1.72 1.72 
G5 – S2 0.347 1.78% -1.55 0.79 
G5 – S6 0.902 3.16% -1.54 4.07 
G5 – S8 0.571 4.84% -2.07 1.36 
G5 – S10 1.044 6.52% -3.40 2.23 
G6 – S2 0.264 5.12% -0.54 0.63 
G6 – S4 0.197 5.63% -0.54 0.60 
G6 – S6 0.514 3.74% -1.20 1.14 
G6 – S8 1.832 31.79% -7.61 9.30 


























G1 – S2 0.343 2.73% -1.20 1.04 
G1 – S6 1.276 6.52% -4.14 5.49 
G1 – S8 0.298 4.33% -1.01 0.85 
G1 – S10 0.399 3.35% -1.48 1.20 
G2 – S2 0.668 2.42% -2.49 2.26 
G2 – S4 0.657 4.01% -2.22 2.36 
G2 – S6 1.040 2.38% -3.81 3.34 
G2 – S8 0.501 2.80% -1.36 1.41 
G2 – S10 0.477 1.55% -1.71 1.91 
G3 – S2 1.328 3.63% -4.24 4.50 
G3 – S4 0.446 1.46% -1.48 1.23 
G3 – S6 1.098 1.90% -2.92 4.06 
G3 – S8 0.521 2.02% -1.67 1.32 
G3 – S10 0.557 1.38% -2.40 1.91 
G4 – S2 0.640 1.71% -2.20 2.14 
G4 – S4 0.295 1.24% -1.17 1.08 
G4 – S6 0.948 1.81% -3.52 3.61 
G4 – S8 0.455 1.98% -1.54 1.47 
G4 – S10 0.700 2.26% -2.30 2.42 
G5 – S2 0.306 1.51% -0.95 0.90 
G5 – S6 0.737 2.81% -2.47 2.86 
G5 – S8 0.375 3.22% -1.20 1.14 
G5 – S10 1.157 6.70% -4.57 3.15 
G6 – S2 0.249 4.06% -0.82 0.78 
G6 – S4 0.176 4.98% -0.55 0.54 
G6 – S6 0.487 4.17% -1.72 1.54 
G6 – S8 1.717 27.92% -7.95 8.05 

























G1 – S2 0.293 2.28% -1.03 0.87 
G1 – S6 1.125 5.85% -4.34 4.96 
G1 – S8 0.271 3.87% -0.86 0.83 
G1 – S10 0.362 3.38% -1.13 1.59 
G2 – S2 0.465 1.91% -1.90 1.50 
G2 – S4 0.535 3.27% -2.08 3.10 
G2 – S6 0.747 1.83% -2.80 3.28 
G2 – S8 0.402 2.36% -1.35 1.11 
G2 – S10 0.331 1.04% -1.38 1.40 
G3 – S2 0.952 2.67% -3.40 3.28 
G3 – S4 0.359 1.18% -1.09 1.05 
G3 – S6 0.690 1.19% -2.60 2.68 
G3 – S8 0.328 1.33% -1.31 1.06 
G3 – S10 0.383 0.98% -1.31 1.26 
G4 – S2 0.424 1.13% -1.55 1.77 
G4 – S4 0.276 1.11% -1.09 0.88 
G4 – S6 0.585 1.12% -2.26 2.33 
G4 – S8 0.304 1.34% -1.42 1.28 
G4 – S10 0.384 1.28% -1.45 1.45 
G5 – S2 0.196 0.96% -0.71 0.65 
G5 – S6 0.427 1.55% -1.76 1.73 
G5 – S8 0.301 2.67% -0.98 0.98 
G5 – S10 0.863 4.97% -3.28 3.27 
G6 – S2 0.200 2.93% -0.67 0.60 
G6 – S4 0.158 4.40% -0.57 0.51 
G6 – S6 0.432 3.30% -1.50 1.34 
G6 – S8 1.686 27.84% -7.83 8.33 


























G1 – S2 0.304 2.42% -1.11 0.86 
G1 – S6 1.043 4.86% -4.35 4.89 
G1 – S8 0.246 3.22% -0.92 0.83 
G1 – S10 0.338 3.03% -0.96 0.98 
G2 – S2 0.442 1.81% -1.56 1.77 
G2 – S4 0.511 3.17% -1.89 2.05 
G2 – S6 0.697 1.65% -2.58 3.50 
G2 – S8 0.391 2.26% -1.26 1.22 
G2 – S10 0.329 1.03% -1.47 1.68 
G3 – S2 0.968 2.73% -3.71 3.72 
G3 – S4 0.366 1.20% -1.02 1.03 
G3 – S6 0.590 1.03% -2.25 2.54 
G3 – S8 0.308 1.25% -1.14 1.17 
G3 – S10 0.372 0.94% -1.43 1.20 
G4 – S2 0.412 1.08% -1.41 1.47 
G4 – S4 0.295 1.19% -1.63 1.01 
G4 – S6 0.571 1.08% -2.14 2.47 
G4 – S8 0.272 1.22% -1.54 1.61 
G4 – S10 0.369 1.21% -1.57 1.33 
G5 – S2 0.198 0.94% -0.64 0.64 
G5 – S6 0.430 1.53% -1.54 1.78 
G5 – S8 0.303 2.62% -0.93 1.02 
G5 – S10 0.821 4.89% -3.41 3.04 
G6 – S2 0.206 3.22% -0.60 0.66 
G6 – S4 0.160 4.63% -0.59 0.57 
G6 – S6 0.431 3.15% -1.43 1.50 
G6 – S8 1.648 27.43% -7.91 8.28 


























G1 – S2 0.317 2.73% -1.32 1.17 
G1 – S6 1.156 6.57% -6.57 5.91 
G1 – S8 0.281 4.27% -1.05 1.43 
G1 – S10 0.343 3.07% -1.10 1.17 
G2 – S2 0.419 1.70% -1.71 1.77 
G2 – S4 0.498 3.06% -2.21 2.34 
G2 – S6 0.752 1.75% -3.24 3.61 
G2 – S8 0.403 2.31% -1.39 1.47 
G2 – S10 0.371 1.16% -1.44 1.64 
G3 – S2 0.972 2.74% -3.40 3.68 
G3 – S4 0.378 1.23% -1.21 1.28 
G3 – S6 0.644 1.14% -3.22 3.00 
G3 – S8 0.344 1.41% -1.45 1.62 
G3 – S10 0.469 1.24% -1.87 3.82 
G4 – S2 0.405 1.06% -1.80 1.47 
G4 – S4 0.290 1.16% -1.28 0.93 
G4 – S6 0.593 1.09% -2.20 3.07 
G4 – S8 0.317 1.33% -1.41 1.21 
G4 – S10 0.383 1.26% -1.69 1.44 
G5 – S2 0.217 1.00% -0.88 1.00 
G5 – S6 0.427 1.56% -2.51 2.69 
G5 – S8 0.307 2.63% -1.24 1.21 
G5 – S10 0.875 4.93% -3.66 3.56 
G6 – S2 0.227 3.47% -0.77 0.72 
G6 – S4 0.168 4.61% -0.72 0.75 
G6 – S6 0.500 3.81% -1.67 1.78 
G6 – S8 1.619 27.05% -8.12 8.18 


























G1 – S2 0.341 2.67% -1.14 0.94 
G1 – S6 1.283 6.65% -4.24 5.56 
G1 – S8 0.295 4.22% -0.99 0.84 
G1 – S10 0.409 3.41% -1.50 1.26 
G2 – S2 0.689 2.50% -2.38 2.18 
G2 – S4 0.674 4.13% -2.30 2.35 
G2 – S6 1.049 2.43% -3.89 3.47 
G2 – S8 0.502 2.79% -1.40 1.42 
G2 – S10 0.499 1.58% -1.80 1.87 
G3 – S2 1.304 3.58% -3.94 4.52 
G3 – S4 0.418 1.37% -1.32 1.14 
G3 – S6 1.037 1.79% -2.89 3.59 
G3 – S8 0.539 2.08% -1.64 1.31 
G3 – S10 0.604 1.51% -2.73 1.97 
G4 – S2 0.653 1.76% -2.37 2.23 
G4 – S4 0.293 1.21% -1.21 1.08 
G4 – S6 0.962 1.85% -3.43 3.72 
G4 – S8 0.463 2.02% -1.48 1.39 
G4 – S10 0.715 2.32% -2.35 2.35 
G5 – S2 0.312 1.52% -0.93 0.94 
G5 – S6 0.758 2.81% -2.53 2.78 
G5 – S8 0.380 3.24% -1.24 1.14 
G5 – S10 1.080 6.31% -3.99 3.15 
G6 – S2 0.243 3.87% -0.84 0.75 
G6 – S4 0.176 5.00% -0.57 0.55 
G6 – S6 0.492 4.09% -1.73 1.55 
G6 – S8 1.721 27.89% -7.78 8.26 


























G1 – S2 0.293 2.31% -1.05 0.93 
G1 – S6 1.116 5.37% -4.28 5.16 
G1 – S8 0.258 3.49% -0.89 0.84 
G1 – S10 0.341 3.21% -1.13 1.09 
G2 – S2 0.449 1.83% -1.79 1.63 
G2 – S4 0.535 3.30% -2.07 2.08 
G2 – S6 0.718 1.75% -2.78 2.87 
G2 – S8 0.397 2.33% -1.45 1.18 
G2 – S10 0.319 0.99% -1.29 1.33 
G3 – S2 0.949 2.66% -3.40 3.48 
G3 – S4 0.355 1.17% -1.10 1.14 
G3 – S6 0.651 1.13% -2.41 2.32 
G3 – S8 0.346 1.40% -1.61 1.19 
G3 – S10 0.392 1.00% -1.40 1.34 
G4 – S2 0.408 1.06% -1.60 1.57 
G4 – S4 0.270 1.09% -1.11 0.89 
G4 – S6 0.573 1.09% -2.38 2.65 
G4 – S8 0.302 1.32% -1.20 1.20 
G4 – S10 0.409 1.39% -1.68 1.62 
G5 – S2 0.198 0.97% -0.66 0.67 
G5 – S6 0.425 1.56% -1.77 1.86 
G5 – S8 0.302 2.70% -1.03 1.08 
G5 – S10 0.820 4.74% -3.23 3.06 
G6 – S2 0.198 3.03% -0.64 0.61 
G6 – S4 0.158 4.43% -0.55 0.53 
G6 – S6 0.424 3.30% -1.47 1.43 
G6 – S8 1.659 26.97% -7.76 8.11 


























G1 – S2 0.301 2.40% -1.07 0.93 
G1 – S6 1.081 5.21% -4.40 4.92 
G1 – S8 0.250 3.30% -0.88 0.82 
G1 – S10 0.338 3.11% -0.98 0.99 
G2 – S2 0.419 1.67% -1.86 1.69 
G2 – S4 0.498 3.15% -2.15 2.10 
G2 – S6 0.680 1.63% -2.70 3.03 
G2 – S8 0.390 2.27% -1.51 1.17 
G2 – S10 0.318 0.99% -1.29 1.36 
G3 – S2 0.910 2.56% -3.28 3.54 
G3 – S4 0.351 1.15% -1.17 1.19 
G3 – S6 0.599 1.04% -2.49 2.60 
G3 – S8 0.311 1.26% -1.55 1.26 
G3 – S10 0.377 0.96% -1.55 1.36 
G4 – S2 0.396 1.02% -1.57 1.37 
G4 – S4 0.272 1.09% -1.30 0.97 
G4 – S6 0.559 1.06% -2.38 2.33 
G4 – S8 0.279 1.22% -1.19 1.20 
G4 – S10 0.378 1.27% -1.62 1.48 
G5 – S2 0.197 0.94% -0.64 0.67 
G5 – S6 0.406 1.52% -1.70 1.80 
G5 – S8 0.300 2.72% -1.08 1.25 
G5 – S10 0.819 4.62% -3.41 3.13 
G6 – S2 0.202 3.06% -0.66 0.65 
G6 – S4 0.160 4.45% -0.61 0.57 
G6 – S6 0.428 3.14% -1.51 1.45 
G6 – S8 1.628 26.84% -7.90 8.21 


























G1 – S2 0.314 2.67% -1.33 1.13 
G1 – S6 1.084 5.35% -5.60 5.17 
G1 – S8 0.256 3.44% -1.32 0.98 
G1 – S10 0.330 3.01% -1.29 1.16 
G2 – S2 0.419 1.66% -1.95 1.96 
G2 – S4 0.515 3.29% -2.34 2.50 
G2 – S6 0.701 1.57% -3.26 3.50 
G2 – S8 0.408 2.33% -1.61 1.48 
G2 – S10 0.360 1.10% -1.68 1.62 
G3 – S2 0.937 2.63% -3.66 3.63 
G3 – S4 0.357 1.16% -1.26 1.24 
G3 – S6 0.618 1.09% -2.85 3.29 
G3 – S8 0.326 1.33% -1.40 1.47 
G3 – S10 0.397 1.01% -1.84 2.26 
G4 – S2 0.413 1.07% -1.74 1.61 
G4 – S4 0.299 1.21% -1.45 1.24 
G4 – S6 0.593 1.09% -3.02 3.17 
G4 – S8 0.325 1.37% -1.46 1.34 
G4 – S10 0.384 1.28% -1.77 1.87 
G5 – S2 0.214 0.99% -0.82 0.71 
G5 – S6 0.402 1.50% -2.05 2.31 
G5 – S8 0.305 2.63% -1.30 1.27 
G5 – S10 0.852 4.60% -3.81 3.36 
G6 – S2 0.224 3.35% -0.70 0.72 
G6 – S4 0.164 4.60% -0.70 0.70 
G6 – S6 0.490 3.63% -2.02 1.86 
G6 – S8 1.599 26.37% -8.03 8.08 


























G1 – S2 0.341 2.59% -1.29 0.77 
G1 – S6 1.331 6.68% -3.82 5.41 
G1 – S8 0.313 4.51% -0.80 0.68 
G1 – S10 0.464 3.72% -1.42 1.29 
G2 – S2 0.647 2.20% -1.85 2.18 
G2 – S4 0.684 4.18% -2.11 2.40 
G2 – S6 0.894 1.85% -3.37 2.19 
G2 – S8 0.502 2.75% -1.28 1.33 
G2 – S10 0.498 1.52% -1.57 1.69 
G3 – S2 1.375 3.72% -4.02 4.77 
G3 – S4 0.479 1.57% -0.97 1.06 
G3 – S6 1.069 1.86% -2.25 3.19 
G3 – S8 0.537 2.09% -1.76 1.26 
G3 – S10 0.618 1.51% -1.69 1.15 
G4 – S2 0.662 1.80% -1.69 1.55 
G4 – S4 0.368 1.46% -1.17 1.04 
G4 – S6 0.912 1.81% -2.01 2.25 
G4 – S8 0.445 1.88% -1.06 0.85 
G4 – S10 0.642 2.08% -1.49 1.64 
G5 – S2 0.339 1.60% -0.97 0.72 
G5 – S6 0.801 2.87% -2.13 2.12 
G5 – S8 0.400 3.53% -1.71 1.02 
G5 – S10 1.098 6.79% -2.45 2.73 
G6 – S2 0.241 3.68% -0.71 0.62 
G6 – S4 0.174 4.77% -0.54 0.41 
G6 – S6 0.511 3.81% -1.48 1.17 
G6 – S8 1.753 28.15% -8.45 8.75 


























G1 – S2 0.326 2.66% -0.89 0.73 
G1 – S6 1.235 8.24% -3.44 5.28 
G1 – S8 0.313 5.45% -0.81 0.83 
G1 – S10 0.407 4.07% -0.99 0.98 
G2 – S2 0.457 1.81% -1.31 1.05 
G2 – S4 0.540 3.25% -1.57 2.28 
G2 – S6 0.773 1.69% -2.61 2.40 
G2 – S8 0.398 2.14% -1.43 0.99 
G2 – S10 0.365 1.09% -1.50 1.21 
G3 – S2 0.981 2.71% -2.73 2.63 
G3 – S4 0.404 1.33% -1.01 0.99 
G3 – S6 0.707 1.26% -2.16 1.94 
G3 – S8 0.340 1.41% -0.99 0.99 
G3 – S10 0.445 1.13% -1.17 1.04 
G4 – S2 0.429 1.10% -0.84 1.37 
G4 – S4 0.302 1.20% -0.75 0.60 
G4 – S6 0.970 1.65% -1.45 1.45 
G4 – S8 0.341 1.48% -0.80 0.62 
G4 – S10 0.445 1.38% -1.17 1.05 
G5 – S2 0.219 1.05% -0.58 0.46 
G5 – S6 0.500 1.83% -1.23 1.65 
G5 – S8 0.418 3.21% -1.13 0.73 
G5 – S10 1.000 5.75% -2.34 2.20 
G6 – S2 0.192 3.48% -0.53 0.55 
G6 – S4 0.167 4.61% -0.49 0.55 
G6 – S6 0.523 4.09% -1.16 1.21 
G6 – S8 1.748 27.76% -8.57 8.68 

























G1 – S2 0.360 3.20% -0.98 0.81 
G1 – S6 1.869 14.06% -4.37 7.43 
G1 – S8 0.336 5.08% -1.12 1.02 
G1 – S10 0.366 3.59% -0.90 1.11 
G2 – S2 0.519 2.05% -1.50 1.36 
G2 – S4 0.671 4.49% -2.12 1.83 
G2 – S6 1.133 3.27% -3.90 2.94 
G2 – S8 0.464 2.56% -1.48 1.24 
G2 – S10 0.466 1.45% -1.60 1.16 
G3 – S2 1.121 3.07% -3.90 3.26 
G3 – S4 0.417 1.34% -1.10 1.19 
G3 – S6 0.767 1.36% -2.29 2.28 
G3 – S8 0.441 1.80% -1.03 1.13 
G3 – S10 0.458 1.15% -1.29 1.34 
G4 – S2 0.491 1.27% -1.14 1.37 
G4 – S4 0.381 1.48% -1.74 1.03 
G4 – S6 0.761 1.40% -1.75 2.14 
G4 – S8 0.469 1.85% -0.93 0.68 
G4 – S10 0.551 1.69% -1.53 1.25 
G5 – S2 0.256 1.20% -0.53 0.51 
G5 – S6 0.517 1.67% -1.47 2.39 
G5 – S8 0.408 3.35% -1.06 0.87 
G5 – S10 1.156 6.14% -3.61 1.84 
G6 – S2 0.228 3.82% -0.60 0.79 
G6 – S4 0.185 5.15% -0.61 0.51 
G6 – S6 0.713 5.27% -1.57 2.62 
G6 – S8 1.746 27.65% -8.54 8.69 


























G1 – S2 0.423 3.87% -0.93 0.86 
G1 – S6 3.158 23.30% -12.50 12.37 
G1 – S8 0.361 5.60% -1.07 0.79 
G1 – S10 0.373 3.78% -0.96 1.11 
G2 – S2 0.568 1.94% -1.74 1.28 
G2 – S4 1.085 6.36% -3.23 4.70 
G2 – S6 1.052 2.35% -3.43 3.41 
G2 – S8 0.453 2.78% -1.41 0.91 
G2 – S10 0.502 1.56% -1.69 1.58 
G3 – S2 1.225 3.39% -3.43 3.75 
G3 – S4 0.462 1.48% -1.33 1.15 
G3 – S6 0.872 1.53% -2.81 1.39 
G3 – S8 0.522 2.14% -1.59 1.06 
G3 – S10 0.515 1.30% -1.37 1.32 
G4 – S2 0.533 1.36% -1.75 1.08 
G4 – S4 0.419 1.71% -1.26 1.05 
G4 – S6 0.791 1.47% -1.92 1.97 
G4 – S8 0.391 1.65% -0.96 0.80 
G4 – S10 0.492 1.62% -1.73 1.07 
G5 – S2 0.270 1.33% -0.72 0.61 
G5 – S6 0.648 2.12% -2.15 3.58 
G5 – S8 0.445 3.76% -1.21 0.88 
G5 – S10 1.869 11.83% -5.65 4.29 
G6 – S2 0.243 4.20% -0.56 0.60 
G6 – S4 0.177 5.22% -0.47 0.42 
G6 – S6 0.811 5.60% -1.18 2.67 
G6 – S8 1.748 27.76% -8.55 8.68 


























G1 – S2 0.338 2.61% -1.02 0.84 
G1 – S6 1.275 6.29% -3.99 5.63 
G1 – S8 0.299 4.34% -0.86 0.82 
G1 – S10 0.377 3.27% -1.21 1.15 
G2 – S2 0.626 2.20% -2.10 1.95 
G2 – S4 0.604 3.56% -2.13 2.30 
G2 – S6 0.892 1.93% -2.90 2.80 
G2 – S8 0.487 2.70% -1.25 1.33 
G2 – S10 0.445 1.33% -1.57 1.77 
G3 – S2 1.212 3.33% -3.51 4.16 
G3 – S4 0.416 1.36% -1.19 1.04 
G3 – S6 0.892 1.55% -2.55 2.84 
G3 – S8 0.483 1.89% -1.50 1.23 
G3 – S10 0.531 1.31% -2.03 1.72 
G4 – S2 0.574 1.48% -1.79 1.75 
G4 – S4 0.291 1.17% -1.16 0.93 
G4 – S6 0.808 1.55% -3.07 3.06 
G4 – S8 0.424 1.80% -1.24 1.26 
G4 – S10 0.602 1.90% -1.85 1.73 
G5 – S2 0.261 1.29% -0.82 0.79 
G5 – S6 0.748 2.68% -2.26 2.38 
G5 – S8 0.349 3.00% -1.07 0.99 
G5 – S10 1.037 6.10% -3.74 3.18 
G6 – S2 0.224 3.41% -0.74 0.67 
G6 – S4 0.171 4.71% -0.52 0.52 
G6 – S6 0.491 3.72% -1.62 1.42 
G6 – S8 1.743 28.46% -7.89 8.00 


























G1 – S2 0.303 2.43% -0.99 0.82 
G1 – S6 1.007 5.40% -4.40 4.54 
G1 – S8 0.262 3.74% -0.83 0.78 
G1 – S10 0.335 2.95% -0.88 0.92 
G2 – S2 0.409 1.62% -1.44 1.37 
G2 – S4 0.448 2.70% -1.89 1.91 
G2 – S6 0.687 1.56% -2.54 2.62 
G2 – S8 0.379 2.17% -1.20 1.06 
G2 – S10 0.325 0.98% -1.15 1.13 
G3 – S2 0.902 2.52% -3.08 2.89 
G3 – S4 0.348 1.13% -0.98 1.00 
G3 – S6 0.563 0.97% -2.18 2.03 
G3 – S8 0.297 1.23% -1.05 1.03 
G3 – S10 0.372 0.94% -1.18 1.13 
G4 – S2 0.387 1.00% -1.25 1.18 
G4 – S4 0.283 1.15% -0.92 0.73 
G4 – S6 0.566 1.05% -1.80 2.31 
G4 – S8 0.287 1.23% -1.13 0.94 
G4 – S10 0.364 1.18% -1.48 1.15 
G5 – S2 0.194 0.92% -0.54 0.54 
G5 – S6 0.448 1.53% -1.45 1.60 
G5 – S8 0.298 2.54% -0.94 0.90 
G5 – S10 0.843 4.57% -3.39 2.93 
G6 – S2 0.200 3.07% -0.58 0.55 
G6 – S4 0.158 4.39% -0.55 0.55 
G6 – S6 0.422 3.14% -1.45 1.44 
G6 – S8 1.742 28.01% -7.90 8.00 


























G1 – S2 0.332 2.89% -1.17 1.05 
G1 – S6 1.052 5.27% -6.45 5.81 
G1 – S8 0.271 3.69% -0.96 0.89 
G1 – S10 0.328 2.88% -0.95 1.03 
G2 – S2 0.433 1.70% -1.55 1.47 
G2 – S4 0.505 3.14% -2.12 2.26 
G2 – S6 0.764 1.88% -3.13 2.96 
G2 – S8 0.395 2.20% -1.32 1.18 
G2 – S10 0.372 1.15% -1.42 1.26 
G3 – S2 0.978 2.75% -4.03 3.52 
G3 – S4 0.386 1.25% -1.09 1.12 
G3 – S6 0.643 1.13% -2.27 2.38 
G3 – S8 0.351 1.45% -1.24 1.24 
G3 – S10 0.384 0.96% -1.47 1.23 
G4 – S2 0.410 1.06% -1.52 1.34 
G4 – S4 0.296 1.23% -1.12 0.91 
G4 – S6 0.570 1.05% -2.38 2.93 
G4 – S8 0.338 1.40% -1.24 1.14 
G4 – S10 0.384 1.25% -1.61 1.48 
G5 – S2 0.216 0.99% -0.62 0.61 
G5 – S6 0.447 1.46% -1.89 1.93 
G5 – S8 0.319 2.70% -1.07 1.01 
G5 – S10 0.988 5.77% -3.94 3.61 
G6 – S2 0.209 3.28% -0.63 0.61 
G6 – S4 0.165 4.53% -0.62 0.58 
G6 – S6 0.503 3.65% -1.97 1.88 
G6 – S8 1.740 27.89% -7.91 7.99 


























G1 – S2 0.314 2.62% -1.18 0.99 
G1 – S6 1.474 8.65% -11.44 11.36 
G1 – S8 0.278 3.85% -1.11 1.04 
G1 – S10 0.335 2.97% -1.01 1.06 
G2 – S2 0.454 1.79% -1.77 1.77 
G2 – S4 0.608 3.71% -3.17 3.24 
G2 – S6 0.812 1.92% -3.17 3.69 
G2 – S8 0.397 2.24% -1.33 1.16 
G2 – S10 0.386 1.19% -1.49 1.49 
G3 – S2 1.052 2.96% -5.15 4.69 
G3 – S4 0.376 1.22% -1.28 1.27 
G3 – S6 0.698 1.23% -2.58 2.93 
G3 – S8 0.394 1.62% -1.39 1.32 
G3 – S10 0.413 1.04% -1.54 1.43 
G4 – S2 0.418 1.09% -1.70 1.53 
G4 – S4 0.299 1.24% -1.30 1.11 
G4 – S6 0.649 1.21% -2.78 3.65 
G4 – S8 0.352 1.47% -1.54 1.29 
G4 – S10 0.411 1.34% -1.96 1.82 
G5 – S2 0.222 1.01% -0.68 0.65 
G5 – S6 0.466 1.55% -2.36 2.18 
G5 – S8 0.322 2.81% -1.07 1.07 
G5 – S10 1.283 7.24% -5.65 5.63 
G6 – S2 0.214 3.30% -0.61 0.60 
G6 – S4 0.161 4.52% -0.55 0.55 
G6 – S6 0.572 3.83% -2.41 2.10 
G6 – S8 1.738 27.75% -7.87 8.01 


























G1 – S2 0.331 2.49% -1.06 0.87 
G1 – S6 1.250 6.14% -3.98 5.51 
G1 – S8 0.300 4.36% -0.85 0.81 
G1 – S10 0.370 3.23% -1.17 1.11 
G2 – S2 0.628 2.18% -2.02 1.93 
G2 – S4 0.609 3.68% -2.11 2.28 
G2 – S6 0.895 1.96% -2.93 2.84 
G2 – S8 0.489 2.71% -1.26 1.28 
G2 – S10 0.446 1.34% -1.62 1.75 
G3 – S2 1.225 3.35% -3.60 4.21 
G3 – S4 0.419 1.37% -1.20 1.04 
G3 – S6 0.892 1.55% -2.55 2.94 
G3 – S8 0.489 1.91% -1.55 1.23 
G3 – S10 0.521 1.28% -1.82 1.68 
G4 – S2 0.577 1.50% -1.73 1.73 
G4 – S4 0.293 1.18% -1.15 0.94 
G4 – S6 0.825 1.58% -3.03 2.97 
G4 – S8 0.427 1.81% -1.21 1.28 
G4 – S10 0.588 1.84% -1.87 1.76 
G5 – S2 0.259 1.27% -0.81 0.77 
G5 – S6 0.724 2.59% -2.28 2.39 
G5 – S8 0.352 3.01% -1.08 0.98 
G5 – S10 1.024 6.05% -3.66 3.03 
G6 – S2 0.226 3.50% -0.73 0.67 
G6 – S4 0.171 4.70% -0.52 0.52 
G6 – S6 0.501 3.77% -1.63 1.41 
G6 – S8 1.743 28.52% -7.94 8.02 


























G1 – S2 0.305 2.44% -0.99 0.82 
G1 – S6 1.049 5.85% -4.41 4.46 
G1 – S8 0.260 3.67% -0.83 0.77 
G1 – S10 0.337 3.03% -0.93 0.89 
G2 – S2 0.407 1.60% -1.47 1.33 
G2 – S4 0.446 2.65% -1.87 1.90 
G2 – S6 0.693 1.58% -2.46 2.55 
G2 – S8 0.377 2.19% -1.22 1.04 
G2 – S10 0.321 0.97% -1.22 1.11 
G3 – S2 0.915 2.56% -3.01 2.94 
G3 – S4 0.349 1.13% -1.00 0.98 
G3 – S6 0.556 0.96% -2.24 2.02 
G3 – S8 0.290 1.20% -1.09 1.05 
G3 – S10 0.376 0.95% -1.22 1.09 
G4 – S2 0.387 1.00% -1.26 1.18 
G4 – S4 0.279 1.13% -0.95 0.79 
G4 – S6 0.565 1.05% -1.99 2.21 
G4 – S8 0.297 1.26% -1.11 0.99 
G4 – S10 0.373 1.21% -1.31 1.14 
G5 – S2 0.196 0.92% -0.54 0.55 
G5 – S6 0.428 1.47% -1.51 1.70 
G5 – S8 0.309 2.58% -0.91 0.89 
G5 – S10 0.820 4.41% -3.20 3.04 
G6 – S2 0.195 2.89% -0.59 0.55 
G6 – S4 0.158 4.42% -0.55 0.54 
G6 – S6 0.422 3.16% -1.44 1.46 
G6 – S8 1.741 27.97% -7.93 8.01 

























G1 – S2 0.318 2.68% -1.17 1.01 
G1 – S6 1.041 5.98% -6.26 5.60 
G1 – S8 0.275 3.96% -1.00 0.90 
G1 – S10 0.341 3.07% -0.99 1.02 
G2 – S2 0.422 1.67% -1.61 1.50 
G2 – S4 0.488 3.02% -2.26 2.26 
G2 – S6 0.750 1.79% -2.91 3.08 
G2 – S8 0.399 2.27% -1.27 1.18 
G2 – S10 0.361 1.10% -1.41 1.32 
G3 – S2 0.911 2.56% -3.53 3.65 
G3 – S4 0.367 1.19% -1.14 1.08 
G3 – S6 0.623 1.10% -2.39 2.42 
G3 – S8 0.336 1.39% -1.27 1.20 
G3 – S10 0.390 0.98% -1.43 1.29 
G4 – S2 0.391 1.02% -1.53 1.35 
G4 – S4 0.292 1.21% -1.14 0.95 
G4 – S6 0.560 1.02% -2.32 2.72 
G4 – S8 0.319 1.34% -1.31 1.10 
G4 – S10 0.383 1.25% -1.66 1.43 
G5 – S2 0.216 0.99% -0.65 0.61 
G5 – S6 0.469 1.51% -1.78 1.93 
G5 – S8 0.312 2.68% -1.08 0.97 
G5 – S10 0.981 5.60% -3.92 3.76 
G6 – S2 0.206 3.19% -0.63 0.62 
G6 – S4 0.163 4.54% -0.61 0.57 
G6 – S6 0.510 3.41% -2.00 1.99 
G6 – S8 1.741 27.95% -7.92 8.00 


























G1 – S2 0.315 2.63% -1.12 1.00 
G1 – S6 1.393 8.34% -10.83 11.02 
G1 – S8 0.278 3.90% -1.08 1.03 
G1 – S10 0.337 3.02% -1.01 0.99 
G2 – S2 0.444 1.75% -1.80 1.72 
G2 – S4 0.599 3.73% -3.20 3.30 
G2 – S6 0.797 1.84% -3.36 3.56 
G2 – S8 0.398 2.26% -1.27 1.18 
G2 – S10 0.375 1.13% -1.53 1.45 
G3 – S2 1.045 2.93% -5.08 4.98 
G3 – S4 0.379 1.22% -1.27 1.25 
G3 – S6 0.717 1.27% -2.57 2.75 
G3 – S8 0.387 1.61% -1.49 1.35 
G3 – S10 0.406 1.02% -1.55 1.38 
G4 – S2 0.416 1.07% -1.73 1.57 
G4 – S4 0.309 1.27% -1.29 1.06 
G4 – S6 0.624 1.16% -2.96 3.37 
G4 – S8 0.328 1.41% -1.45 1.25 
G4 – S10 0.418 1.35% -1.93 1.64 
G5 – S2 0.225 1.02% -0.70 0.67 
G5 – S6 0.452 1.51% -2.20 2.30 
G5 – S8 0.331 2.81% -1.18 1.10 
G5 – S10 1.213 7.19% -5.43 5.48 
G6 – S2 0.206 3.20% -0.62 0.62 
G6 – S4 0.160 4.45% -0.56 0.55 
G6 – S6 0.568 3.80% -2.21 2.50 
G6 – S8 1.737 27.68% -7.91 7.99 


























G1 – S2 0.382 3.02% -1.43 0.86 
G1 – S6 1.316 7.29% -3.61 4.44 
G1 – S8 0.309 4.39% -0.80 0.64 
G1 – S10 0.469 3.97% -1.66 1.16 
G2 – S2 0.722 2.48% -2.14 2.13 
G2 – S4 0.788 4.87% -2.34 2.63 
G2 – S6 1.329 3.09% -5.94 3.51 
G2 – S8 0.535 2.88% -1.58 1.35 
G2 – S10 0.564 1.75% -1.60 1.48 
G3 – S2 1.430 3.86% -3.98 3.35 
G3 – S4 0.463 1.51% -1.16 1.06 
G3 – S6 1.160 2.01% -2.53 5.03 
G3 – S8 0.533 2.09% -1.48 1.38 
G3 – S10 0.567 1.41% -1.54 1.13 
G4 – S2 0.790 2.06% -1.73 1.47 
G4 – S4 0.333 1.31% -0.97 0.85 
G4 – S6 0.974 1.79% -2.52 1.92 
G4 – S8 0.501 2.21% -1.20 0.86 
G4 – S10 0.664 2.16% -1.69 1.56 
G5 – S2 0.298 1.54% -0.77 0.67 
G5 – S6 0.898 3.25% -1.98 2.26 
G5 – S8 0.396 3.17% -1.19 0.98 
G5 – S10 1.078 6.62% -2.78 2.40 
G6 – S2 0.265 4.50% -0.84 0.68 
G6 – S4 0.186 5.03% -0.58 0.45 
G6 – S6 0.504 4.80% -1.47 1.35 



























G1 – S2 0.335 2.71% -0.92 0.88 
G1 – S6 1.188 6.99% -3.59 4.14 
G1 – S8 0.313 4.85% -0.73 0.63 
G1 – S10 0.406 3.83% -0.92 1.26 
G2 – S2 0.543 1.95% -1.24 1.28 
G2 – S4 0.601 4.05% -1.63 2.32 
G2 – S6 0.903 2.30% -2.55 2.45 
G2 – S8 0.445 2.39% -1.11 0.96 
G2 – S10 0.381 1.19% -1.42 1.31 
G3 – S2 1.061 2.94% -3.73 3.11 
G3 – S4 0.421 1.36% -0.82 0.99 
G3 – S6 0.895 1.56% -2.10 2.22 
G3 – S8 0.343 1.37% -1.22 1.03 
G3 – S10 0.456 1.13% -1.35 1.49 
G4 – S2 0.458 1.18% -1.24 1.33 
G4 – S4 0.318 1.30% -1.00 0.72 
G4 – S6 0.759 1.39% -1.63 1.56 
G4 – S8 0.341 1.51% -0.65 0.90 
G4 – S10 0.472 1.49% -1.43 1.24 
G5 – S2 0.218 1.09% -0.57 0.46 
G5 – S6 0.547 1.95% -1.11 2.67 
G5 – S8 0.374 3.26% -1.17 0.96 
G5 – S10 1.073 6.50% -2.46 2.32 
G6 – S2 0.211 3.40% -0.67 0.54 
G6 – S4 0.184 4.93% -0.47 0.50 
G6 – S6 0.503 3.91% -1.24 1.39 



























G1 – S2 0.342 2.76% -1.05 0.88 
G1 – S6 1.212 6.86% -5.20 5.45 
G1 – S8 0.294 4.01% -0.62 0.80 
G1 – S10 0.366 3.26% -1.00 1.04 
G2 – S2 0.452 1.69% -1.16 1.26 
G2 – S4 0.685 5.20% -1.47 2.84 
G2 – S6 0.917 2.40% -3.06 2.68 
G2 – S8 0.461 2.56% -1.04 1.08 
G2 – S10 0.427 1.35% -1.40 1.17 
G3 – S2 1.023 2.92% -3.28 3.13 
G3 – S4 0.396 1.27% -1.07 0.99 
G3 – S6 0.728 1.30% -2.18 2.44 
G3 – S8 0.372 1.53% -1.15 1.06 
G3 – S10 0.501 1.29% -1.43 1.35 
G4 – S2 0.472 1.29% -1.65 1.63 
G4 – S4 0.314 1.25% -0.96 0.75 
G4 – S6 0.598 1.10% -1.82 1.41 
G4 – S8 0.336 1.45% -0.96 0.90 
G4 – S10 0.480 1.51% -1.54 1.19 
G5 – S2 0.226 1.15% -0.46 0.53 
G5 – S6 0.473 1.77% -1.22 2.02 
G5 – S8 0.357 3.16% -0.81 0.91 
G5 – S10 0.997 6.25% -3.06 1.78 
G6 – S2 0.225 3.88% -0.54 0.46 
G6 – S4 0.183 4.81% -0.50 0.50 
G6 – S6 0.555 4.37% -1.12 1.58 



























G1 – S2 0.369 3.34% -0.98 1.08 
G1 – S6 1.398 8.95% -5.46 4.52 
G1 – S8 0.327 5.08% -0.96 0.82 
G1 – S10 0.414 3.93% -1.05 1.39 
G2 – S2 0.540 2.03% -1.43 1.37 
G2 – S4 0.604 3.51% -1.74 2.22 
G2 – S6 0.964 2.05% -3.58 3.00 
G2 – S8 0.454 2.37% -1.56 1.04 
G2 – S10 0.448 1.35% -1.57 1.19 
G3 – S2 1.057 2.93% -2.99 3.34 
G3 – S4 0.401 1.28% -1.15 0.87 
G3 – S6 0.844 1.48% -2.44 2.36 
G3 – S8 0.378 1.58% -1.17 1.09 
G3 – S10 0.614 1.54% -1.45 1.80 
G4 – S2 0.545 1.41% -1.49 1.01 
G4 – S4 0.359 1.42% -1.27 0.91 
G4 – S6 0.887 1.64% -1.86 1.76 
G4 – S8 0.376 1.58% -0.77 1.06 
G4 – S10 0.532 1.67% -1.21 1.21 
G5 – S2 0.315 1.53% -0.70 0.64 
G5 – S6 0.485 1.91% -1.44 1.49 
G5 – S8 0.444 3.48% -1.02 1.39 
G5 – S10 1.046 6.14% -2.83 1.98 
G6 – S2 0.287 5.03% -0.66 0.60 
G6 – S4 0.218 6.75% -0.71 0.69 
G6 – S6 0.605 5.22% -1.16 1.67 



























G1 – S2 0.329 2.53% -1.15 0.91 
G1 – S6 1.288 6.79% -4.15 5.41 
G1 – S8 0.298 4.22% -0.98 0.82 
G1 – S10 0.417 3.56% -1.44 1.17 
G2 – S2 0.742 2.67% -2.48 2.15 
G2 – S4 0.644 3.89% -2.26 2.34 
G2 – S6 1.035 2.36% -3.48 3.45 
G2 – S8 0.481 2.63% -1.33 1.46 
G2 – S10 0.486 1.54% -1.68 1.78 
G3 – S2 1.308 3.60% -3.96 4.54 
G3 – S4 0.424 1.39% -1.31 1.14 
G3 – S6 1.053 1.82% -2.99 3.57 
G3 – S8 0.544 2.10% -1.66 1.34 
G3 – S10 0.598 1.48% -2.33 1.82 
G4 – S2 0.699 1.93% -2.49 2.36 
G4 – S4 0.305 1.25% -1.22 1.20 
G4 – S6 1.085 2.12% -3.53 3.94 
G4 – S8 0.446 1.94% -1.45 1.38 
G4 – S10 0.677 2.16% -2.28 2.19 
G5 – S2 0.320 1.57% -1.00 0.98 
G5 – S6 0.810 2.95% -2.53 3.09 
G5 – S8 0.402 3.33% -1.37 1.21 
G5 – S10 1.105 6.44% -4.04 3.22 
G6 – S2 0.241 3.77% -0.82 0.72 
G6 – S4 0.174 4.85% -0.57 0.57 
G6 – S6 0.500 4.32% -1.80 1.63 



























G1 – S2 0.294 2.33% -1.09 1.09 
G1 – S6 1.100 5.42% -4.18 5.03 
G1 – S8 0.260 3.57% -0.86 0.82 
G1 – S10 0.368 3.57% -1.94 1.94 
G2 – S2 0.461 1.85% -1.77 1.70 
G2 – S4 0.529 3.37% -2.04 2.06 
G2 – S6 0.745 1.84% -3.00 2.66 
G2 – S8 0.409 2.35% -1.27 1.26 
G2 – S10 0.340 1.07% -1.40 1.47 
G3 – S2 0.944 2.63% -3.51 3.56 
G3 – S4 0.356 1.17% -1.08 1.04 
G3 – S6 0.683 1.19% -2.31 2.27 
G3 – S8 0.353 1.43% -1.30 1.17 
G3 – S10 0.388 0.99% -1.24 1.24 
G4 – S2 0.465 1.24% -1.59 1.63 
G4 – S4 0.324 1.40% -0.93 2.23 
G4 – S6 0.599 1.14% -2.29 2.36 
G4 – S8 0.300 1.31% -1.15 1.19 
G4 – S10 0.408 1.37% -1.52 1.70 
G5 – S2 0.208 0.99% -0.59 0.63 
G5 – S6 0.441 1.63% -1.82 2.37 
G5 – S8 0.310 2.70% -1.06 1.11 
G5 – S10 0.845 4.82% -3.55 3.02 
G6 – S2 0.228 4.18% -0.99 1.15 
G6 – S4 0.165 4.56% -0.54 0.56 
G6 – S6 0.415 3.33% -1.55 1.38 



























G1 – S2 0.304 2.47% -1.16 0.89 
G1 – S6 1.097 5.52% -4.23 5.08 
G1 – S8 0.258 3.53% -0.88 0.77 
G1 – S10 0.357 3.40% -1.19 1.20 
G2 – S2 0.421 1.68% -1.66 1.66 
G2 – S4 0.527 3.30% -1.90 2.08 
G2 – S6 0.736 1.80% -2.88 2.68 
G2 – S8 0.414 2.44% -1.47 1.44 
G2 – S10 0.331 1.04% -1.35 1.26 
G3 – S2 0.910 2.58% -3.33 3.19 
G3 – S4 0.353 1.16% -1.08 1.24 
G3 – S6 0.600 1.04% -2.39 2.47 
G3 – S8 0.322 1.31% -1.27 1.13 
G3 – S10 0.388 0.99% -1.38 1.37 
G4 – S2 0.438 1.17% -1.43 1.77 
G4 – S4 0.301 1.27% -1.22 1.64 
G4 – S6 0.577 1.05% -2.23 2.27 
G4 – S8 0.267 1.17% -1.11 1.03 
G4 – S10 0.424 1.45% -1.60 1.61 
G5 – S2 0.207 1.00% -0.66 0.63 
G5 – S6 0.439 1.59% -1.80 1.80 
G5 – S8 0.314 2.70% -1.11 1.07 
G5 – S10 0.847 4.91% -3.37 3.04 
G6 – S2 0.210 3.19% -0.74 0.59 
G6 – S4 0.161 4.46% -0.61 0.58 
G6 – S6 0.421 3.13% -1.47 1.36 



























G1 – S2 0.309 2.60% -1.21 1.06 
G1 – S6 1.099 5.08% -5.01 4.94 
G1 – S8 0.268 3.76% -1.07 0.96 
G1 – S10 0.334 3.03% -1.18 1.18 
G2 – S2 0.424 1.72% -1.77 1.47 
G2 – S4 0.504 3.11% -2.09 2.29 
G2 – S6 0.717 1.58% -3.29 3.58 
G2 – S8 0.410 2.35% -1.41 1.48 
G2 – S10 0.389 1.21% -1.93 2.47 
G3 – S2 0.971 2.74% -3.31 3.49 
G3 – S4 0.368 1.19% -1.24 1.13 
G3 – S6 0.659 1.15% -2.68 2.82 
G3 – S8 0.334 1.34% -1.59 1.54 
G3 – S10 0.410 1.05% -1.37 1.76 
G4 – S2 0.441 1.13% -1.74 1.53 
G4 – S4 0.287 1.16% -1.90 1.26 
G4 – S6 0.633 1.22% -2.68 2.60 
G4 – S8 0.342 1.42% -1.38 1.70 
G4 – S10 0.385 1.27% -1.80 1.36 
G5 – S2 0.226 1.03% -0.79 0.78 
G5 – S6 0.433 1.58% -2.29 2.29 
G5 – S8 0.327 2.72% -1.30 1.40 
G5 – S10 0.906 4.94% -3.22 3.58 
G6 – S2 0.220 3.47% -0.71 0.75 
G6 – S4 0.169 4.62% -0.69 0.67 
G6 – S6 0.466 3.31% -1.60 1.77 

























G1 – S2 0.333 2.60% -1.17 0.93 
G1 – S6 1.271 6.70% -4.25 5.57 
G1 – S8 0.295 4.22% -0.97 0.84 
G1 – S10 0.408 3.40% -1.46 1.19 
G2 – S2 0.708 2.57% -2.49 2.20 
G2 – S4 0.659 4.05% -2.29 2.44 
G2 – S6 1.028 2.33% -3.77 3.51 
G2 – S8 0.508 2.81% -1.37 1.43 
G2 – S10 0.493 1.56% -1.73 1.86 
G3 – S2 1.338 3.66% -4.04 4.38 
G3 – S4 0.411 1.34% -1.27 1.11 
G3 – S6 1.027 1.77% -2.85 3.45 
G3 – S8 0.523 2.02% -1.63 1.29 
G3 – S10 0.604 1.53% -2.62 2.04 
G4 – S2 0.654 1.74% -2.37 2.20 
G4 – S4 0.306 1.25% -1.24 1.09 
G4 – S6 0.955 1.84% -3.49 3.65 
G4 – S8 0.465 2.03% -1.43 1.40 
G4 – S10 0.751 2.46% -2.41 2.45 
G5 – S2 0.304 1.49% -0.91 0.92 
G5 – S6 0.847 3.25% -2.93 3.29 
G5 – S8 0.402 3.33% -1.31 1.19 
G5 – S10 1.103 6.33% -4.29 3.21 
G6 – S2 0.249 4.04% -0.83 0.73 
G6 – S4 0.179 5.03% -0.58 0.58 
G6 – S6 0.490 4.16% -1.75 1.60 

























G1 – S2 0.291 2.27% -1.13 0.87 
G1 – S6 1.121 5.49% -4.24 5.12 
G1 – S8 0.259 3.53% -0.89 0.82 
G1 – S10 0.345 3.26% -1.11 1.17 
G2 – S2 0.459 1.85% -1.67 1.59 
G2 – S4 0.547 3.41% -2.21 2.18 
G2 – S6 0.720 1.76% -2.79 2.90 
G2 – S8 0.398 2.32% -1.40 1.19 
G2 – S10 0.334 1.06% -1.41 1.56 
G3 – S2 0.956 2.69% -3.50 3.54 
G3 – S4 0.360 1.18% -1.19 1.08 
G3 – S6 0.644 1.12% -2.41 2.26 
G3 – S8 0.332 1.34% -1.26 1.15 
G3 – S10 0.391 0.99% -1.80 1.39 
G4 – S2 0.435 1.11% -1.51 1.59 
G4 – S4 0.274 1.10% -1.20 0.87 
G4 – S6 0.592 1.12% -2.35 2.50 
G4 – S8 0.306 1.34% -1.18 1.26 
G4 – S10 0.415 1.39% -1.62 1.48 
G5 – S2 0.205 1.00% -0.68 0.70 
G5 – S6 0.440 1.60% -1.77 1.90 
G5 – S8 0.314 2.73% -1.15 1.16 
G5 – S10 0.836 4.80% -3.31 3.06 
G6 – S2 0.197 3.06% -0.65 0.68 
G6 – S4 0.161 4.41% -0.56 0.55 
G6 – S6 0.413 3.26% -1.44 1.37 

























G1 – S2 0.297 2.39% -1.10 0.96 
G1 – S6 1.093 5.39% -4.65 5.20 
G1 – S8 0.254 3.37% -1.04 0.91 
G1 – S10 0.341 3.20% -1.14 1.08 
G2 – S2 0.417 1.70% -1.78 1.46 
G2 – S4 0.500 3.08% -2.06 2.29 
G2 – S6 0.696 1.71% -2.90 2.96 
G2 – S8 0.386 2.26% -1.33 1.18 
G2 – S10 0.322 1.00% -1.29 1.29 
G3 – S2 0.894 2.53% -3.22 3.32 
G3 – S4 0.360 1.18% -1.23 1.15 
G3 – S6 0.599 1.04% -2.35 2.32 
G3 – S8 0.302 1.23% -1.28 1.32 
G3 – S10 0.375 0.95% -1.53 1.44 
G4 – S2 0.422 1.08% -1.64 1.59 
G4 – S4 0.293 1.21% -1.58 1.17 
G4 – S6 0.554 1.04% -2.37 2.58 
G4 – S8 0.281 1.24% -1.23 1.25 
G4 – S10 0.379 1.25% -1.50 1.48 
G5 – S2 0.204 0.98% -0.68 0.70 
G5 – S6 0.416 1.52% -1.59 1.81 
G5 – S8 0.317 2.70% -1.32 1.11 
G5 – S10 0.815 4.71% -3.41 3.15 
G6 – S2 0.205 3.08% -0.63 0.63 
G6 – S4 0.162 4.39% -0.61 0.56 
G6 – S6 0.420 3.17% -1.46 1.47 



























G1 – S2 0.308 2.66% -1.25 1.30 
G1 – S6 1.056 5.19% -5.12 5.68 
G1 – S8 0.268 3.68% -1.03 0.97 
G1 – S10 0.333 3.07% -1.21 1.31 
G2 – S2 0.409 1.65% -1.74 1.86 
G2 – S4 0.505 3.09% -2.33 2.21 
G2 – S6 0.690 1.52% -3.01 3.74 
G2 – S8 0.398 2.30% -1.50 1.42 
G2 – S10 0.372 1.16% -1.58 1.57 
G3 – S2 0.924 2.61% -3.64 3.69 
G3 – S4 0.363 1.18% -1.25 1.25 
G3 – S6 0.615 1.08% -2.69 2.93 
G3 – S8 0.311 1.26% -1.45 1.40 
G3 – S10 0.388 0.98% -1.71 1.63 
G4 – S2 0.428 1.10% -1.66 1.59 
G4 – S4 0.286 1.14% -1.41 1.09 
G4 – S6 0.580 1.05% -2.79 2.98 
G4 – S8 0.321 1.34% -1.51 1.48 
G4 – S10 0.382 1.25% -1.76 1.77 
G5 – S2 0.223 1.02% -0.93 0.76 
G5 – S6 0.415 1.53% -2.08 2.09 
G5 – S8 0.335 2.79% -1.68 1.40 
G5 – S10 0.884 4.86% -3.66 3.31 
G6 – S2 0.223 3.38% -0.74 0.73 
G6 – S4 0.170 4.72% -0.70 0.68 
G6 – S6 0.465 3.39% -1.81 1.81 



























G1 – S2 0.341 2.61% -1.29 0.73 
G1 – S6 1.256 6.65% -3.89 3.94 
G1 – S8 0.309 4.41% -0.80 0.69 
G1 – S10 0.463 3.70% -1.41 1.30 
G2 – S2 0.647 2.20% -1.86 2.18 
G2 – S4 0.650 3.55% -2.04 2.55 
G2 – S6 0.895 1.86% -3.37 2.21 
G2 – S8 0.506 2.76% -1.24 1.17 
G2 – S10 0.520 1.61% -1.59 1.58 
G3 – S2 1.340 3.66% -3.96 3.79 
G3 – S4 0.445 1.46% -0.93 1.11 
G3 – S6 1.138 2.00% -2.61 2.94 
G3 – S8 0.500 1.96% -1.97 1.12 
G3 – S10 0.641 1.59% -1.94 1.46 
G4 – S2 0.664 1.73% -1.43 1.33 
G4 – S4 0.378 1.48% -1.23 1.04 
G4 – S6 0.957 1.87% -2.25 2.67 
G4 – S8 0.445 1.88% -1.09 0.87 
G4 – S10 0.960 3.06% -2.13 2.25 
G5 – S2 0.302 1.56% -0.76 0.62 
G5 – S6 0.677 2.42% -1.62 2.26 
G5 – S8 0.390 3.16% -1.09 0.96 
G5 – S10 1.140 6.71% -2.40 2.54 
G6 – S2 0.246 3.65% -0.81 0.66 
G6 – S4 0.174 4.80% -0.52 0.41 
G6 – S6 0.498 3.73% -1.40 1.29 



























G1 – S2 0.356 3.08% -0.91 0.72 
G1 – S6 1.452 9.81% -4.71 4.88 
G1 – S8 0.329 5.61% -0.64 0.66 
G1 – S10 0.365 3.38% -0.84 1.06 
G2 – S2 0.450 1.81% -1.42 1.26 
G2 – S4 0.623 4.72% -1.68 1.97 
G2 – S6 0.867 2.06% -2.80 2.23 
G2 – S8 0.387 2.29% -1.23 1.03 
G2 – S10 0.390 1.22% -1.39 1.29 
G3 – S2 1.056 2.99% -2.88 2.93 
G3 – S4 0.377 1.22% -0.87 0.75 
G3 – S6 0.745 1.30% -2.12 1.74 
G3 – S8 0.370 1.49% -1.47 1.26 
G3 – S10 0.428 1.08% -1.09 0.93 
G4 – S2 0.446 1.14% -0.89 1.00 
G4 – S4 0.292 1.25% -0.94 0.69 
G4 – S6 0.695 1.28% -1.51 1.50 
G4 – S8 0.314 1.32% -0.94 0.65 
G4 – S10 0.457 1.46% -1.14 0.92 
G5 – S2 0.227 1.08% -0.65 0.44 
G5 – S6 0.514 1.79% -1.21 1.34 
G5 – S8 0.386 3.24% -0.95 1.41 
G5 – S10 1.006 5.78% -3.31 2.47 
G6 – S2 0.216 3.43% -0.58 0.40 
G6 – S4 0.171 4.84% -0.45 0.49 
G6 – S6 0.495 3.85% -1.19 1.34 



























G1 – S2 0.378 3.38% -0.95 0.83 
G1 – S6 1.643 9.70% -5.29 4.69 
G1 – S8 0.333 5.03% -0.73 0.88 
G1 – S10 0.385 3.60% -0.88 1.04 
G2 – S2 0.517 2.02% -1.39 1.35 
G2 – S4 0.678 4.18% -1.63 3.00 
G2 – S6 0.955 2.07% -2.56 3.70 
G2 – S8 0.458 2.39% -1.52 1.17 
G2 – S10 0.434 1.34% -1.60 1.37 
G3 – S2 1.180 3.23% -2.74 2.74 
G3 – S4 0.413 1.33% -0.85 0.96 
G3 – S6 0.746 1.33% -2.42 1.96 
G3 – S8 0.487 2.00% -1.57 1.17 
G3 – S10 0.472 1.18% -1.03 1.28 
G4 – S2 0.505 1.31% -1.12 1.67 
G4 – S4 0.369 1.45% -1.75 0.95 
G4 – S6 0.812 1.47% -1.75 2.79 
G4 – S8 0.419 1.73% -1.06 0.88 
G4 – S10 0.477 1.54% -1.47 1.32 
G5 – S2 0.269 1.27% -0.74 0.50 
G5 – S6 0.602 1.88% -1.29 2.13 
G5 – S8 0.421 3.42% -0.87 1.12 
G5 – S10 1.545 10.32% -2.57 3.28 
G6 – S2 0.236 3.81% -0.55 0.53 
G6 – S4 0.173 4.88% -0.53 0.43 
G6 – S6 0.724 4.71% -1.55 1.46 


























G1 – S2 0.375 3.22% -1.47 0.76 
G1 – S6 2.780 20.24% -11.15 10.19 
G1 – S8 0.326 4.67% -0.82 1.10 
G1 – S10 0.393 3.71% -1.02 1.13 
G2 – S2 0.525 1.92% -1.72 1.55 
G2 – S4 0.917 5.85% -2.91 3.23 
G2 – S6 0.955 1.91% -3.08 3.32 
G2 – S8 0.443 2.52% -1.28 1.14 
G2 – S10 0.505 1.50% -2.76 1.64 
G3 – S2 1.636 4.48% -5.15 5.28 
G3 – S4 0.499 1.60% -1.05 1.19 
G3 – S6 0.797 1.40% -2.22 1.86 
G3 – S8 0.522 2.07% -1.84 1.06 
G3 – S10 0.478 1.20% -1.42 1.30 
G4 – S2 0.500 1.31% -1.49 1.07 
G4 – S4 0.378 1.54% -1.53 0.75 
G4 – S6 0.805 1.44% -1.94 2.25 
G4 – S8 0.458 1.90% -1.52 0.88 
G4 – S10 0.524 1.68% -1.97 1.43 
G5 – S2 0.250 1.19% -0.72 0.55 
G5 – S6 0.674 2.27% -1.86 1.94 
G5 – S8 0.471 3.90% -1.10 1.17 
G5 – S10 1.764 10.27% -5.37 4.29 
G6 – S2 0.259 4.07% -0.57 0.52 
G6 – S4 0.169 4.47% -0.48 0.41 
G6 – S6 0.800 5.65% -2.35 1.36 



























G1 – S2 0.328 2.52% -1.05 0.87 
G1 – S6 1.238 6.14% -4.03 5.42 
G1 – S8 0.299 4.33% -0.86 0.81 
G1 – S10 0.369 3.24% -1.14 1.08 
G2 – S2 0.627 2.22% -2.09 1.95 
G2 – S4 0.598 3.48% -2.09 2.34 
G2 – S6 0.892 1.93% -3.02 2.89 
G2 – S8 0.497 2.75% -1.27 1.28 
G2 – S10 0.447 1.35% -1.63 1.68 
G3 – S2 1.216 3.34% -3.59 4.05 
G3 – S4 0.426 1.40% -1.23 1.05 
G3 – S6 0.916 1.60% -2.67 2.91 
G3 – S8 0.484 1.89% -1.56 1.24 
G3 – S10 0.533 1.31% -1.76 1.58 
G4 – S2 0.566 1.46% -1.79 1.71 
G4 – S4 0.291 1.17% -1.14 0.89 
G4 – S6 0.846 1.61% -3.05 2.90 
G4 – S8 0.424 1.80% -1.23 1.29 
G4 – S10 0.596 1.87% -1.85 1.78 
G5 – S2 0.258 1.28% -0.79 0.83 
G5 – S6 0.756 2.67% -2.47 2.56 
G5 – S8 0.380 3.08% -1.13 1.09 
G5 – S10 1.015 5.93% -3.48 3.11 
G6 – S2 0.236 3.58% -0.73 0.65 
G6 – S4 0.172 4.72% -0.54 0.56 
G6 – S6 0.488 3.69% -1.62 1.45 

























G1 – S2 0.296 2.38% -1.01 0.84 
G1 – S6 1.025 6.24% -4.22 4.48 
G1 – S8 0.257 3.48% -0.81 0.80 
G1 – S10 0.341 3.11% -0.89 0.90 
G2 – S2 0.406 1.58% -1.39 1.31 
G2 – S4 0.445 2.66% -1.92 1.91 
G2 – S6 0.705 1.65% -2.40 2.52 
G2 – S8 0.384 2.22% -1.18 1.06 
G2 – S10 0.319 0.96% -1.16 1.10 
G3 – S2 0.944 2.65% -3.04 2.98 
G3 – S4 0.349 1.14% -0.98 0.93 
G3 – S6 0.566 0.97% -2.27 2.04 
G3 – S8 0.285 1.18% -1.03 1.12 
G3 – S10 0.379 0.95% -1.19 1.09 
G4 – S2 0.393 1.01% -1.33 1.18 
G4 – S4 0.289 1.15% -0.96 0.77 
G4 – S6 0.595 1.09% -1.92 2.25 
G4 – S8 0.295 1.25% -1.14 0.93 
G4 – S10 0.364 1.18% -1.33 1.16 
G5 – S2 0.200 0.92% -0.55 0.51 
G5 – S6 0.470 1.62% -1.48 1.62 
G5 – S8 0.346 2.79% -1.00 1.04 
G5 – S10 0.878 4.66% -3.20 3.05 
G6 – S2 0.194 2.99% -0.58 0.56 
G6 – S4 0.162 4.44% -0.56 0.55 
G6 – S6 0.420 3.13% -1.42 1.46 



























G1 – S2 0.318 2.61% -1.17 0.99 
G1 – S6 1.112 6.35% -5.73 5.34 
G1 – S8 0.284 4.07% -1.00 0.88 
G1 – S10 0.340 2.99% -0.93 0.99 
G2 – S2 0.432 1.70% -1.52 1.61 
G2 – S4 0.508 3.31% -2.21 2.35 
G2 – S6 0.748 1.74% -2.91 2.94 
G2 – S8 0.403 2.32% -1.28 1.18 
G2 – S10 0.365 1.11% -1.35 1.28 
G3 – S2 0.919 2.58% -3.50 3.41 
G3 – S4 0.370 1.20% -1.10 1.07 
G3 – S6 0.630 1.11% -2.50 2.49 
G3 – S8 0.328 1.34% -1.18 1.30 
G3 – S10 0.384 0.96% -1.47 1.20 
G4 – S2 0.407 1.04% -1.65 1.35 
G4 – S4 0.302 1.22% -1.13 0.86 
G4 – S6 0.595 1.07% -2.48 2.97 
G4 – S8 0.324 1.34% -1.25 1.10 
G4 – S10 0.375 1.21% -1.61 1.40 
G5 – S2 0.219 1.01% -0.65 0.60 
G5 – S6 0.472 1.56% -1.97 2.03 
G5 – S8 0.367 2.96% -1.29 1.34 
G5 – S10 0.982 5.38% -3.69 3.63 
G6 – S2 0.204 3.26% -0.61 0.58 
G6 – S4 0.167 4.70% -0.61 0.57 
G6 – S6 0.491 3.45% -1.85 1.93 



























G1 – S2 0.316 2.61% -1.15 1.01 
G1 – S6 1.428 7.97% -10.89 10.55 
G1 – S8 0.292 4.27% -0.97 0.90 
G1 – S10 0.335 2.99% -0.99 1.02 
G2 – S2 0.449 1.78% -1.81 1.73 
G2 – S4 0.617 3.89% -2.98 3.00 
G2 – S6 0.808 1.92% -2.95 3.26 
G2 – S8 0.402 2.35% -1.25 1.24 
G2 – S10 0.379 1.15% -1.46 1.49 
G3 – S2 1.049 2.93% -5.10 4.46 
G3 – S4 0.387 1.25% -1.36 1.23 
G3 – S6 0.694 1.22% -2.71 2.67 
G3 – S8 0.372 1.54% -1.41 1.50 
G3 – S10 0.410 1.02% -1.49 1.25 
G4 – S2 0.445 1.13% -1.70 1.81 
G4 – S4 0.320 1.31% -1.28 1.06 
G4 – S6 0.637 1.18% -3.12 3.40 
G4 – S8 0.355 1.47% -1.46 1.24 
G4 – S10 0.436 1.38% -1.95 1.51 
G5 – S2 0.226 1.04% -0.69 0.65 
G5 – S6 0.492 1.68% -2.40 2.28 
G5 – S8 0.388 3.15% -1.38 1.32 
G5 – S10 1.285 7.48% -5.56 5.54 
G6 – S2 0.204 3.12% -0.60 0.62 
G6 – S4 0.161 4.48% -0.56 0.55 
G6 – S6 0.564 3.94% -2.27 2.07 



























G1 – S2 0.328 2.49% -1.04 0.86 
G1 – S6 1.246 6.17% -3.96 5.50 
G1 – S8 0.296 4.29% -0.87 0.82 
G1 – S10 0.372 3.25% -1.18 1.10 
G2 – S2 0.626 2.20% -2.07 1.92 
G2 – S4 0.601 3.59% -2.09 2.27 
G2 – S6 0.897 1.96% -3.02 2.86 
G2 – S8 0.497 2.76% -1.23 1.27 
G2 – S10 0.429 1.28% -1.62 1.71 
G3 – S2 1.199 3.29% -3.63 4.19 
G3 – S4 0.406 1.33% -1.20 1.05 
G3 – S6 0.898 1.56% -2.51 2.98 
G3 – S8 0.492 1.92% -1.55 1.23 
G3 – S10 0.530 1.30% -1.97 1.66 
G4 – S2 0.566 1.46% -1.73 1.68 
G4 – S4 0.297 1.20% -1.11 0.92 
G4 – S6 0.842 1.61% -3.04 2.91 
G4 – S8 0.433 1.82% -1.22 1.24 
G4 – S10 0.602 1.89% -1.90 1.80 
G5 – S2 0.264 1.28% -0.80 0.79 
G5 – S6 0.774 2.73% -2.53 2.56 
G5 – S8 0.384 3.09% -1.12 1.09 
G5 – S10 1.013 5.91% -3.58 3.04 
G6 – S2 0.235 3.58% -0.73 0.67 
G6 – S4 0.172 4.74% -0.54 0.56 
G6 – S6 0.484 3.67% -1.62 1.46 



























G1 – S2 0.299 2.40% -1.02 0.82 
G1 – S6 0.979 5.30% -4.30 4.48 
G1 – S8 0.262 3.69% -0.80 0.77 
G1 – S10 0.344 3.14% -0.89 0.90 
G2 – S2 0.403 1.60% -1.49 1.35 
G2 – S4 0.443 2.63% -1.87 1.93 
G2 – S6 0.689 1.57% -2.45 2.50 
G2 – S8 0.375 2.16% -1.19 1.06 
G2 – S10 0.323 0.98% -1.19 1.07 
G3 – S2 0.916 2.56% -2.93 2.97 
G3 – S4 0.347 1.13% -0.98 0.95 
G3 – S6 0.563 0.97% -2.19 2.04 
G3 – S8 0.287 1.18% -1.05 1.06 
G3 – S10 0.380 0.96% -1.21 1.10 
G4 – S2 0.396 1.01% -1.30 1.16 
G4 – S4 0.276 1.11% -0.94 0.76 
G4 – S6 0.576 1.06% -1.95 2.24 
G4 – S8 0.292 1.24% -1.10 0.99 
G4 – S10 0.371 1.20% -1.34 1.16 
G5 – S2 0.199 0.92% -0.54 0.52 
G5 – S6 0.452 1.55% -1.49 1.71 
G5 – S8 0.334 2.74% -1.02 1.02 
G5 – S10 0.848 4.63% -3.20 3.09 
G6 – S2 0.192 3.04% -0.59 0.54 
G6 – S4 0.162 4.44% -0.56 0.54 
G6 – S6 0.416 3.14% -1.41 1.37 



























G1 – S2 0.316 2.61% -1.17 1.03 
G1 – S6 1.058 5.83% -6.02 5.62 
G1 – S8 0.283 4.08% -0.96 0.89 
G1 – S10 0.337 3.02% -0.95 0.99 
G2 – S2 0.425 1.71% -1.55 1.54 
G2 – S4 0.495 3.02% -2.28 2.30 
G2 – S6 0.734 1.71% -2.86 2.91 
G2 – S8 0.402 2.33% -1.29 1.18 
G2 – S10 0.366 1.12% -1.41 1.27 
G3 – S2 0.886 2.51% -3.56 3.47 
G3 – S4 0.362 1.18% -1.12 1.07 
G3 – S6 0.619 1.08% -2.36 2.45 
G3 – S8 0.329 1.35% -1.26 1.21 
G3 – S10 0.392 0.98% -1.43 1.26 
G4 – S2 0.406 1.04% -1.59 1.40 
G4 – S4 0.295 1.22% -1.17 0.93 
G4 – S6 0.571 1.05% -2.40 2.66 
G4 – S8 0.327 1.35% -1.29 1.13 
G4 – S10 0.386 1.25% -1.59 1.34 
G5 – S2 0.218 1.00% -0.65 0.60 
G5 – S6 0.452 1.50% -1.83 1.95 
G5 – S8 0.357 2.91% -1.26 1.25 
G5 – S10 0.972 5.42% -4.09 3.76 
G6 – S2 0.206 3.17% -0.60 0.61 
G6 – S4 0.166 4.65% -0.62 0.59 
G6 – S6 0.493 3.42% -1.93 1.86 

























G1 – S2 0.309 2.49% -1.14 0.98 
G1 – S6 1.384 7.90% -11.14 10.56 
G1 – S8 0.294 4.23% -1.00 0.95 
G1 – S10 0.337 2.98% -0.95 1.02 
G2 – S2 0.444 1.73% -1.79 1.74 
G2 – S4 0.599 3.70% -3.36 3.22 
G2 – S6 0.795 1.89% -3.30 3.25 
G2 – S8 0.399 2.31% -1.27 1.19 
G2 – S10 0.385 1.18% -1.47 1.41 
G3 – S2 1.028 2.86% -5.16 5.04 
G3 – S4 0.381 1.23% -1.26 1.25 
G3 – S6 0.688 1.21% -2.55 2.72 
G3 – S8 0.370 1.52% -1.39 1.39 
G3 – S10 0.409 1.03% -1.54 1.36 
G4 – S2 0.429 1.10% -1.73 1.70 
G4 – S4 0.308 1.27% -1.32 1.12 
G4 – S6 0.637 1.18% -2.98 3.35 
G4 – S8 0.358 1.48% -1.47 1.30 
G4 – S10 0.420 1.35% -1.92 1.56 
G5 – S2 0.226 1.03% -0.72 0.63 
G5 – S6 0.463 1.58% -2.19 2.39 
G5 – S8 0.377 3.07% -1.35 1.41 
G5 – S10 1.212 6.85% -5.42 5.79 
G6 – S2 0.205 3.17% -0.61 0.61 
G6 – S4 0.162 4.49% -0.57 0.56 
G6 – S6 0.542 3.73% -2.17 2.14 



























G1 – S2 0.280 48.9% -0.89 0.85 
G1 – S6 0.606 50.8% -2.30 2.43 
G1 – S8 0.349 133.7% -0.99 1.00 
G1 – S10 0.447 119.2% -1.25 1.21 
G2 – S2 0.396 26.8% -1.36 1.48 
G2 – S4 0.424 354.6% -1.45 1.66 
G2 – S6 0.401 26.6% -1.22 1.40 
G2 – S8 0.397 47.6% -1.43 1.39 
G2 – S10 0.500 47.9% -1.86 1.96 
G3 – S2 0.603 27.9% -2.22 2.01 
G3 – S4 0.398 16.7% -1.38 1.28 
G3 – S6 0.373 18.8% -1.25 1.12 
G3 – S8 0.419 33.8% -1.34 1.18 
G3 – S10 0.479 46.0% -1.63 1.63 
G4 – S2 0.443 221.9% -1.28 1.32 
G4 – S4 0.415 27.1% -1.29 1.29 
G4 – S6 0.472 22.5% -1.42 1.47 
G4 – S8 0.477 18.8% -1.30 1.42 
G4 – S10 0.563 106.4% -1.58 1.54 
G5 – S2 0.234 20.3% -0.62 0.68 
G5 – S6 0.475 42.4% -1.38 1.41 
G5 – S8 0.444 55.5% -1.31 1.35 
G5 – S10 0.606 92.4% -1.50 1.72 
G6 – S2 0.150 166.5% -0.41 0.40 
G6 – S4 0.144 95.7% -0.43 0.39 
G6 – S6 0.257 31.7% -0.79 0.71 



























G1 – S2 0.302 15.7% -0.92 0.90 
G1 – S6 0.856 19.3% -2.81 2.92 
G1 – S8 0.330 36.4% -0.85 0.93 
G1 – S10 0.457 41.5% -1.22 1.21 
G2 – S2 0.438 12.7% -1.40 1.62 
G2 – S4 0.489 619.5% -1.56 1.81 
G2 – S6 0.516 11.4% -1.48 1.88 
G2 – S8 0.433 12.6% -1.32 1.38 
G2 – S10 0.530 26.5% -1.60 1.68 
G3 – S2 0.805 14.6% -2.78 2.61 
G3 – S4 0.463 7.0% -1.50 1.30 
G3 – S6 0.513 11.2% -1.54 1.35 
G3 – S8 0.407 23.3% -1.36 1.16 
G3 – S10 0.525 16.5% -1.57 1.57 
G4 – S2 0.754 20.6% -2.19 2.15 
G4 – S4 0.451 10.1% -1.41 1.28 
G4 – S6 0.627 10.5% -1.69 1.92 
G4 – S8 0.465 12.5% -1.33 1.37 
G4 – S10 0.570 144.0% -1.52 1.40 
G5 – S2 0.243 12.0% -0.64 0.66 
G5 – S6 0.641 20.5% -1.64 1.99 
G5 – S8 0.465 28.3% -1.19 1.27 
G5 – S10 0.741 43.8% -1.75 1.95 
G6 – S2 0.180 149.4% -0.50 0.46 
G6 – S4 0.157 72.9% -0.44 0.42 
G6 – S6 0.319 19.1% -1.03 0.90 



























G1 – S2 0.294 27.1% -0.95 0.84 
G1 – S6 0.921 61.6% -3.28 3.49 
G1 – S8 0.334 63.3% -0.79 0.91 
G1 – S10 0.489 62.5% -1.18 1.20 
G2 – S2 0.437 20.0% -1.22 1.40 
G2 – S4 0.506 238.4% -1.39 1.79 
G2 – S6 0.647 15.9% -1.71 2.02 
G2 – S8 0.447 18.2% -1.29 1.39 
G2 – S10 0.473 83.5% -1.36 1.31 
G3 – S2 0.909 30.4% -3.18 2.51 
G3 – S4 0.405 15.3% -1.46 1.13 
G3 – S6 0.633 14.3% -2.01 1.67 
G3 – S8 0.426 21.0% -1.37 1.07 
G3 – S10 0.447 18.1% -1.34 1.32 
G4 – S2 0.560 30.5% -1.34 1.35 
G4 – S4 0.454 12.6% -1.40 1.28 
G4 – S6 0.754 14.3% -2.02 2.21 
G4 – S8 0.428 13.1% -1.08 1.11 
G4 – S10 0.523 60.2% -1.35 1.16 
G5 – S2 0.242 7.5% -0.57 0.74 
G5 – S6 0.623 16.2% -1.87 1.60 
G5 – S8 0.451 18.0% -1.08 1.20 
G5 – S10 0.860 38.6% -1.83 2.29 
G6 – S2 0.196 97.4% -0.55 0.46 
G6 – S4 0.162 43.8% -0.42 0.43 
G6 – S6 0.392 38.1% -1.19 0.99 



























G1 – S2 0.304 3.7% -0.89 0.83 
G1 – S6 0.968 12.5% -3.13 3.24 
G1 – S8 0.318 7.3% -0.79 0.95 
G1 – S10 0.507 5.9% -1.18 1.21 
G2 – S2 0.415 3.2% -1.07 1.23 
G2 – S4 0.537 4.2% -1.44 1.88 
G2 – S6 0.684 3.4% -1.83 2.20 
G2 – S8 0.443 6.3% -1.29 1.46 
G2 – S10 0.406 4.9% -1.23 1.05 
G3 – S2 0.815 3.8% -2.42 2.20 
G3 – S4 0.417 1.8% -1.20 1.05 
G3 – S6 0.649 2.1% -1.97 1.60 
G3 – S8 0.421 12.9% -1.36 1.04 
G3 – S10 0.448 1.8% -1.11 1.19 
G4 – S2 0.503 2.0% -1.21 1.17 
G4 – S4 0.398 2.7% -1.24 1.13 
G4 – S6 0.825 2.9% -2.30 2.43 
G4 – S8 0.405 4.1% -1.16 1.18 
G4 – S10 0.503 13.9% -1.32 1.07 
G5 – S2 0.247 1.6% -0.64 0.61 
G5 – S6 0.675 5.4% -1.83 2.22 
G5 – S8 0.430 5.9% -1.07 1.12 
G5 – S10 0.899 6.4% -1.87 2.21 
G6 – S2 0.199 5.4% -0.54 0.46 
G6 – S4 0.178 12.3% -0.41 0.46 
G6 – S6 0.408 5.3% -1.14 1.24 



























G1 – S2 0.313 7.0% -0.84 0.81 
G1 – S6 1.046 31.3% -3.55 3.44 
G1 – S8 0.340 7.6% -0.75 1.02 
G1 – S10 0.451 4.5% -1.16 1.22 
G2 – S2 0.395 4.9% -1.08 1.23 
G2 – S4 0.541 3.7% -1.58 2.02 
G2 – S6 0.683 3.2% -2.17 2.10 
G2 – S8 0.442 3.6% -1.24 1.19 
G2 – S10 0.498 2.0% -1.30 1.25 
G3 – S2 0.822 3.2% -2.24 2.32 
G3 – S4 0.410 1.6% -1.05 0.93 
G3 – S6 0.699 4.1% -1.92 1.77 
G3 – S8 0.400 8.0% -1.30 1.00 
G3 – S10 0.410 1.5% -1.13 1.21 
G4 – S2 0.522 2.6% -1.10 1.02 
G4 – S4 0.353 1.7% -1.05 0.96 
G4 – S6 0.836 3.3% -2.32 2.34 
G4 – S8 0.394 3.3% -0.93 1.15 
G4 – S10 0.517 2.8% -1.21 1.17 
G5 – S2 0.245 1.6% -0.56 0.66 
G5 – S6 0.716 5.5% -1.45 2.35 
G5 – S8 0.429 4.5% -0.95 1.50 
G5 – S10 0.933 5.6% -1.70 2.17 
G6 – S2 0.217 5.6% -0.56 0.55 
G6 – S4 0.189 10.4% -0.41 0.43 
G6 – S6 0.445 5.9% -1.30 1.18 



























G1 – S2 0.312 2.7% -0.82 0.74 
G1 – S6 1.011 5.5% -3.40 4.28 
G1 – S8 0.347 5.6% -0.82 0.91 
G1 – S10 0.506 4.6% -1.15 1.19 
G2 – S2 0.450 2.1% -1.06 1.21 
G2 – S4 0.554 3.3% -1.76 2.06 
G2 – S6 0.782 1.7% -2.13 2.48 
G2 – S8 0.419 2.3% -1.11 0.99 
G2 – S10 0.404 1.2% -1.27 1.05 
G3 – S2 0.833 2.5% -2.96 2.49 
G3 – S4 0.372 1.1% -0.96 0.87 
G3 – S6 0.778 1.3% -2.37 2.03 
G3 – S8 0.365 1.7% -1.11 1.01 
G3 – S10 0.400 1.0% -1.13 1.23 
G4 – S2 0.384 1.0% -0.93 1.23 
G4 – S4 0.318 1.2% -1.09 0.79 
G4 – S6 0.784 1.4% -2.26 2.75 
G4 – S8 0.367 1.5% -1.05 1.04 
G4 – S10 0.517 1.6% -1.30 1.10 
G5 – S2 0.248 1.1% -0.63 0.58 
G5 – S6 0.699 9.0% -1.57 2.24 
G5 – S8 0.453 5.3% -1.02 1.40 
G5 – S10 0.994 5.2% -2.28 2.20 
G6 – S2 0.231 3.3% -0.61 0.52 
G6 – S4 0.235 7.0% -0.44 0.53 
G6 – S6 0.461 4.7% -1.48 1.37 


























G1 – S2 0.325 2.5% -0.83 0.75 
G1 – S6 1.170 6.0% -4.17 3.60 
G1 – S8 0.343 4.8% -0.77 1.04 
G1 – S10 0.477 3.7% -1.07 1.27 
G2 – S2 0.431 1.4% -1.21 1.46 
G2 – S4 0.631 3.4% -2.14 2.05 
G2 – S6 0.971 2.0% -2.45 2.83 
G2 – S8 0.390 1.9% -1.08 1.15 
G2 – S10 0.386 1.1% -1.17 1.26 
G3 – S2 0.910 2.6% -2.56 2.94 
G3 – S4 0.391 1.1% -1.21 1.04 
G3 – S6 0.865 1.3% -3.14 2.00 
G3 – S8 0.357 1.3% -1.02 1.15 
G3 – S10 0.362 0.8% -1.32 1.19 
G4 – S2 0.354 1.0% -1.04 1.58 
G4 – S4 0.273 1.0% -1.05 0.64 
G4 – S6 0.748 1.2% -2.38 2.54 
G4 – S8 0.342 1.3% -0.84 0.94 
G4 – S10 0.428 1.3% -1.42 1.43 
G5 – S2 0.198 1.0% -0.56 0.40 
G5 – S6 0.580 6.6% -1.31 2.03 
G5 – S8 0.430 7.4% -0.85 1.46 
G5 – S10 0.961 5.0% -1.76 2.57 
G6 – S2 0.194 3.2% -0.50 0.49 
G6 – S4 0.189 6.7% -0.42 0.55 
G6 – S6 0.445 5.5% -1.39 1.41 



























G1 – S2 0.366 2.4% -0.86 0.86 
G1 – S6 1.563 6.5% -4.39 4.32 
G1 – S8 0.399 5.3% -0.88 1.02 
G1 – S10 0.560 3.7% -1.27 1.37 
G2 – S2 0.471 1.3% -1.26 1.93 
G2 – S4 0.576 3.0% -2.25 3.20 
G2 – S6 1.090 1.8% -2.53 3.12 
G2 – S8 0.437 1.8% -1.14 1.40 
G2 – S10 0.372 1.0% -1.49 1.19 
G3 – S2 0.994 2.8% -3.89 3.15 
G3 – S4 0.397 1.1% -1.50 0.89 
G3 – S6 0.939 1.3% -3.75 2.08 
G3 – S8 0.385 1.3% -1.01 1.08 
G3 – S10 0.410 0.9% -1.69 1.15 
G4 – S2 0.325 0.9% -0.82 1.51 
G4 – S4 0.313 1.2% -1.39 0.64 
G4 – S6 0.829 1.4% -2.08 6.65 
G4 – S8 0.359 1.4% -1.24 1.29 
G4 – S10 0.452 1.4% -1.44 1.79 
G5 – S2 0.180 0.9% -0.61 0.50 
G5 – S6 0.637 4.3% -2.18 2.05 
G5 – S8 0.426 9.5% -0.91 1.58 
G5 – S10 1.066 5.8% -3.50 2.89 
G6 – S2 0.207 3.8% -0.56 0.47 
G6 – S4 0.208 7.6% -0.54 0.66 
G6 – S6 0.421 7.1% -0.90 1.90 



























G1 – S2 0.451 2.7% -0.76 1.89 
G1 – S6 2.169 8.0% -7.59 4.91 
G1 – S8 0.588 8.2% -1.08 2.13 
G1 – S10 0.811 4.1% -1.92 1.50 
G2 – S2 0.628 1.6% -2.04 1.44 
G2 – S4 1.159 5.3% -5.13 2.36 
G2 – S6 1.748 2.7% -3.45 6.94 
G2 – S8 0.610 2.4% -0.83 3.65 
G2 – S10 0.756 2.0% -1.81 1.87 
G3 – S2 1.515 3.5% -9.30 4.14 
G3 – S4 0.768 1.9% -1.83 1.57 
G3 – S6 1.452 1.9% -8.00 3.24 
G3 – S8 0.741 2.3% -2.04 1.45 
G3 – S10 0.776 1.7% -5.84 2.16 
G4 – S2 0.717 1.8% -2.89 2.61 
G4 – S4 0.431 1.4% -2.12 0.83 
G4 – S6 1.308 2.0% -1.84 5.87 
G4 – S8 0.438 1.6% -1.13 1.49 
G4 – S10 0.582 1.6% -1.35 6.97 
G5 – S2 0.286 1.4% -0.90 0.85 
G5 – S6 1.256 5.8% -2.95 3.25 
G5 – S8 0.468 7.1% -1.03 1.44 
G5 – S10 1.867 9.7% -11.61 4.16 
G6 – S2 0.229 4.7% -0.99 0.41 
G6 – S4 0.285 9.6% -0.53 0.66 
G6 – S6 0.555 11.4% -1.28 3.19 



























G1 – S2 1.694 10.2% -2.14 1.77 
G1 – S6 3.076 14.4% -2.93 3.90 
G1 – S8 2.080 24.5% -4.25 4.10 
G1 – S10 1.527 10.6% -3.03 4.50 
G2 – S2 1.924 4.4% -2.90 1.44 
G2 – S4 1.921 8.1% -3.04 1.97 
G2 – S6 2.794 4.7% -4.50 5.63 
G2 – S8 1.481 4.6% -1.04 3.13 
G2 – S10 1.755 4.1% -4.33 1.37 
G3 – S2 2.385 5.2% -2.34 3.34 
G3 – S4 2.111 5.7% -1.61 2.09 
G3 – S6 4.076 4.6% -3.48 4.02 
G3 – S8 1.410 4.0% -1.13 2.02 
G3 – S10 1.425 2.9% -3.74 1.23 
G4 – S2 1.798 4.4% -4.75 3.41 
G4 – S4 1.571 5.2% -3.44 1.66 
G4 – S6 3.454 5.0% -2.49 2.06 
G4 – S8 0.887 2.9% -1.71 2.79 
G4 – S10 1.861 5.7% -2.94 3.13 
G5 – S2 0.818 4.0% -1.28 0.33 
G5 – S6 2.427 6.9% -3.94 4.58 
G5 – S8 0.994 6.3% -1.78 2.11 
G5 – S10 2.758 11.6% -9.68 2.72 
G6 – S2 1.008 14.2% -2.39 1.34 
G6 – S4 0.476 17.8% -1.20 0.31 
G6 – S6 0.842 9.1% -1.45 2.37 



























G1 – S2 0.255 4.29% -0.73 0.59 
G1 – S6 0.504 7.59% -1.34 1.97 
G1 – S8 0.327 8.65% -1.10 1.46 
G1 – S10 0.339 5.51% -0.93 1.07 
G2 – S2 0.322 2.27% -0.91 1.01 
G2 – S4 0.407 4.59% -1.12 1.07 
G2 – S6 0.447 2.20% -0.91 1.23 
G2 – S8 0.318 3.29% -0.85 0.82 
G2 – S10 0.258 1.24% -1.24 0.73 
G3 – S2 0.807 2.51% -2.43 2.67 
G3 – S4 0.364 1.22% -1.13 1.01 
G3 – S6 0.601 1.16% -2.07 3.35 
G3 – S8 0.374 1.67% -1.10 1.39 
G3 – S10 0.431 1.23% -1.73 2.09 
G4 – S2 0.605 1.24% -2.55 2.33 
G4 – S4 0.370 1.03% -1.73 1.08 
G4 – S6 0.910 1.26% -3.40 4.12 
G4 – S8 0.456 1.45% -2.53 1.50 
G4 – S10 0.542 1.33% -2.19 1.61 
G5 – S2 0.342 1.00% -1.57 0.91 
G5 – S6 0.598 1.20% -2.60 3.65 
G5 – S8 0.522 2.29% -3.28 2.04 
G5 – S10 1.365 4.89% -5.54 4.53 
G6 – S2 0.269 1.34% -0.80 0.99 
G6 – S4 0.237 1.61% -0.95 0.84 
G6 – S6 0.707 2.26% -4.04 3.48 



























G1 – S2 0.363 1.18% -1.60 1.60 
G1 – S6 1.680 4.71% -6.32 6.71 
G1 – S8 0.266 1.19% -1.14 1.01 
G1 – S10 0.359 1.07% -1.75 1.20 
G2 – S2 0.496 1.17% -2.44 1.98 
G2 – S4 0.656 2.64% -2.29 2.88 
G2 – S6 0.961 1.37% -4.18 3.86 
G2 – S8 0.498 1.59% -2.37 1.90 
G2 – S10 0.443 1.00% -1.63 1.64 
G3 – S2 0.978 2.64% -4.00 7.15 
G3 – S4 0.381 1.20% -1.39 1.51 
G3 – S6 0.714 1.19% -3.21 3.40 
G3 – S8 0.312 1.18% -2.34 1.32 
G3 – S10 0.409 0.99% -1.54 1.58 
G4 – S2 0.235 0.89% -1.01 0.96 
G4 – S4 0.209 1.26% -1.19 0.76 
G4 – S6 0.355 1.04% -1.48 1.64 
G4 – S8 0.202 1.23% -0.82 0.76 
G4 – S10 0.275 1.23% -1.06 1.00 
G5 – S2 0.112 1.00% -0.44 0.41 
G5 – S6 0.229 1.62% -0.88 0.81 
G5 – S8 0.228 3.41% -0.85 0.73 
G5 – S10 0.375 4.18% -2.15 1.31 
G6 – S2 0.118 4.33% -0.39 0.51 
G6 – S4 0.123 7.43% -0.37 0.45 
G6 – S6 0.158 3.62% -0.66 0.56 














APPENDIX 3: ANN Damage Detection Results 
 




Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.571 4.62E-07 1.08E-07 2.61E-08 1.87E-10 3.40E-01 2.52E-06 
G1-S6 0.459 3.33E-03 8.59E-04 6.13E-05 3.51E-12 3.08E-01 9.78E-02 
G1-S8 0.565 1.57E-01 2.37E-01 3.36E-01 2.94E-09 3.13E-01 3.09E-02 
G1-S10 0.444 3.02E-06 2.11E-08 1.40E-09 6.29E-03 3.27E-01 4.05E-01 
G2-S2 0.521 3.41E-02 1.39E-05 9.43E-09 3.27E-05 1.18E-06 1.63E-01 
G2-S4 0.503 6.31E-07 1.37E-11 9.76E-12 1.09E-03 3.29E-01 3.54E-09 
G2-S6 0.486 3.81E-10 1.87E-11 7.33E-12 4.60E-14 4.58E-01 2.26E-01 
G2-S8 0.536 1.56E-02 3.16E-02 5.99E-02 5.88E-09 1.09E-03 5.02E-01 
G2-S10 0.465 2.58E-04 3.14E-08 6.00E-11 2.68E-10 3.27E-01 2.97E-01 
G3-S2 0.461 3.19E-04 1.87E-08 4.36E-10 2.62E-01 9.62E-02 4.87E-01 
G3-S4 0.455 3.57E-03 8.76E-09 5.26E-10 4.04E-11 3.48E-01 1.27E-07 
G3-S6 0.408 2.58E-09 7.41E-09 7.37E-09 4.70E-14 4.26E-01 2.93E-01 
G3-S8 0.481 2.02E-01 3.64E-03 1.64E-04 2.36E-09 4.93E-01 2.29E-01 
G3-S10 0.475 2.28E-03 3.74E-08 5.03E-12 2.05E-01 8.62E-03 4.45E-01 
G4-S2 0.559 1.38E-02 6.04E-05 1.50E-06 3.50E-08 1.35E-01 8.46E-05 
G4-S4 0.568 2.98E-02 2.14E-12 1.74E-12 1.50E-12 5.55E-04 1.44E-12 
G4-S6 0.490 4.76E-01 5.71E-01 4.40E-01 3.49E-01 4.66E-01 5.33E-01 
G4-S8 0.490 3.25E-01 5.89E-03 1.24E-04 1.87E-10 3.16E-01 2.81E-05 
G4-S10 0.415 4.24E-01 4.84E-02 1.15E-03 3.93E-01 2.10E-01 4.31E-01 
G5-S2 0.489 2.59E-01 1.14E-02 4.41E-03 3.42E-08 1.18E-01 9.91E-04 
G5-S6 0.398 5.88E-03 1.02E-04 1.29E-06 3.38E-01 5.43E-02 6.72E-02 
G5-S8 0.489 7.03E-02 3.25E-04 1.65E-05 2.43E-02 3.58E-01 6.85E-04 
G5-S10 0.492 4.80E-01 3.51E-05 2.43E-05 3.74E-01 2.86E-01 8.45E-06 
G6-S2 0.429 1.04E-01 4.62E-01 1.77E-01 2.42E-04 4.33E-02 4.74E-01 
G6-S4 0.403 4.21E-01 4.21E-01 4.27E-01 3.04E-06 4.47E-06 1.64E-02 
G6-S6 0.489 9.41E-02 1.90E-02 5.70E-03 2.30E-05 3.40E-01 4.33E-01 










Table A3 - 2. Percentage of damage runs with detected damage at each station for Trial 1. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 100 100 100 100 5 100 
G1-S6 0 70 85 100 100 0 20 
G1-S8 0 10 5 5 100 5 35 
G1-S10 0 100 100 100 85 0 0 
G2-S2 0 20 100 100 100 100 0 
G2-S4 0 100 100 100 85 5 100 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 45 35 40 100 80 0 
G2-S10 0 95 100 100 100 5 10 
G3-S2 0 90 100 100 5 15 0 
G3-S4 0 70 100 100 100 5 100 
G3-S6 0 100 100 100 100 0 0 
G3-S8 0 10 55 95 100 0 10 
G3-S10 0 80 100 100 15 65 0 
G4-S2 0 40 95 100 100 10 95 
G4-S4 0 40 100 100 100 85 100 
G4-S6 0 0 5 5 0 0 0 
G4-S8 0 0 55 95 100 5 100 
G4-S10 0 0 25 85 5 5 0 
G5-S2 0 5 60 75 100 15 80 
G5-S6 0 60 95 100 5 30 25 
G5-S8 0 15 90 100 45 0 85 
G5-S10 0 0 100 100 0 5 100 
G6-S2 0 25 0 10 95 35 0 
G6-S4 0 0 0 0 100 100 50 
G6-S6 0 25 75 90 100 5 5 
G6-S8 0 0 0 0 75 40 15 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.586 2.71E-02 3.97E-04 3.77E-09 6.29E-03 1.59E-08 1.46E-01 
G1-S6 0.573 5.42E-02 2.24E-02 7.36E-03 1.74E-09 1.03E-01 1.05E-01 
G1-S8 0.571 9.54E-08 1.34E-10 3.01E-11 4.33E-12 4.23E-01 3.37E-02 
G1-S10 0.485 1.60E-09 4.00E-12 2.22E-12 4.80E-01 2.27E-01 3.86E-01 
G2-S2 0.564 2.87E-03 2.03E-04 1.54E-04 1.39E-06 2.82E-01 4.84E-01 
G2-S4 0.625 1.97E-06 2.89E-11 1.12E-11 8.19E-02 1.21E-02 5.37E-02 
G2-S6 0.508 6.58E-09 9.14E-11 3.98E-11 4.84E-14 3.71E-01 4.22E-01 
G2-S8 0.536 4.16E-03 3.74E-04 3.48E-05 2.58E-08 1.73E-07 3.85E-01 
G2-S10 0.380 2.78E-04 1.61E-06 2.97E-10 9.42E-09 2.14E-09 5.08E-02 
G3-S2 0.505 1.44E-04 6.02E-07 4.57E-07 1.24E-02 3.82E-02 2.94E-01 
G3-S4 0.458 2.82E-01 3.67E-01 3.62E-01 3.00E-01 9.82E-03 1.95E-01 
G3-S6 0.402 3.28E-06 7.71E-04 3.84E-02 5.37E-14 6.71E-04 1.40E-02 
G3-S8 0.484 3.07E-02 3.03E-04 1.92E-05 3.00E-10 2.15E-01 2.91E-01 
G3-S10 0.464 1.20E-04 2.44E-11 7.79E-13 3.55E-04 3.73E-05 2.86E-01 
G4-S2 0.434 4.15E-05 2.83E-08 8.57E-09 4.81E-04 2.34E-06 3.53E-07 
G4-S4 0.454 3.44E-02 2.78E-12 3.25E-12 1.68E-08 3.36E-01 1.89E-12 
G4-S6 0.492 3.48E-01 3.40E-01 2.95E-01 5.17E-14 2.35E-01 6.99E-02 
G4-S8 0.424 1.77E-04 9.35E-10 1.63E-11 3.88E-11 3.93E-01 1.06E-03 
G4-S10 0.600 4.51E-01 1.59E-01 4.12E-02 1.91E-01 3.82E-02 3.21E-01 
G5-S2 0.612 6.36E-02 1.88E-03 1.74E-04 1.84E-12 3.32E-01 1.04E-03 
G5-S6 0.561 1.26E-03 2.96E-07 3.50E-08 2.91E-05 1.71E-03 2.01E-03 
G5-S8 0.618 1.71E-01 3.72E-01 4.83E-01 2.07E-01 2.51E-12 3.55E-01 
G5-S10 0.444 3.38E-01 7.91E-06 6.31E-08 3.39E-01 2.85E-01 1.44E-04 
G6-S2 0.455 1.48E-02 9.06E-02 1.99E-01 1.39E-02 8.42E-12 1.38E-03 
G6-S4 0.508 2.58E-01 4.47E-01 5.01E-01 2.22E-09 4.27E-01 2.98E-01 
G6-S6 0.500 9.44E-02 1.25E-02 2.21E-03 9.29E-09 4.06E-01 4.54E-01 












Table A3 - 4. Percentage of damage runs with detected damage at each station for Trial 2. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 35 95 100 80 100 15 
G1-S6 0 30 40 70 100 10 0 
G1-S8 0 100 100 100 100 0 25 
G1-S10 0 100 100 100 0 15 0 
G2-S2 0 75 90 95 100 10 0 
G2-S4 0 100 100 100 20 70 30 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 65 90 100 100 100 0 
G2-S10 0 95 100 100 100 100 50 
G3-S2 0 100 100 100 45 30 0 
G3-S4 0 0 5 5 10 75 10 
G3-S6 0 100 85 65 100 85 65 
G3-S8 0 45 95 100 100 20 5 
G3-S10 0 95 100 100 90 100 10 
G4-S2 0 100 100 100 80 100 100 
G4-S4 0 50 100 100 100 5 100 
G4-S6 0 5 5 5 100 5 35 
G4-S8 0 95 100 100 100 5 90 
G4-S10 0 5 20 50 10 25 0 
G5-S2 0 25 90 95 100 5 95 
G5-S6 0 75 100 100 100 80 70 
G5-S8 0 10 10 0 0 100 5 
G5-S10 0 0 100 100 5 5 95 
G6-S2 5 70 40 15 50 100 60 
G6-S4 0 0 0 0 100 0 0 
G6-S6 0 30 70 90 100 5 5 
G6-S8 0 0 0 0 75 10 0 
















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.539 2.10E-01 1.21E-02 3.37E-04 1.49E-05 5.69E-04 4.67E-01 
G1-S6 0.479 6.64E-02 1.23E-01 1.36E-01 4.97E-10 3.13E-01 4.23E-01 
G1-S8 0.622 4.82E-01 4.42E-01 4.37E-01 6.48E-09 6.06E-02 8.62E-03 
G1-S10 0.525 2.45E-10 1.84E-10 1.64E-10 1.33E-13 4.70E-02 5.91E-01 
G2-S2 0.496 9.84E-04 9.20E-04 3.19E-05 9.52E-06 1.20E-01 4.31E-01 
G2-S4 0.503 8.65E-05 1.35E-08 1.07E-09 6.07E-10 2.92E-01 2.23E-09 
G2-S6 0.540 1.91E-11 7.92E-12 5.99E-12 5.34E-14 3.17E-01 4.81E-01 
G2-S8 0.537 1.23E-01 6.19E-02 1.22E-01 3.84E-01 1.35E-01 2.98E-01 
G2-S10 0.417 9.28E-04 4.80E-07 3.90E-09 3.16E-01 3.24E-01 8.58E-02 
G3-S2 0.492 3.36E-03 8.95E-06 2.37E-06 3.60E-03 1.57E-01 4.61E-01 
G3-S4 0.474 1.25E-01 4.13E-01 5.16E-01 1.55E-01 1.59E-04 4.41E-01 
G3-S6 0.453 5.57E-10 3.37E-10 2.03E-10 5.06E-14 6.54E-04 1.12E-03 
G3-S8 0.560 3.41E-01 2.33E-01 1.59E-01 2.73E-09 6.02E-06 5.92E-05 
G3-S10 0.485 2.37E-02 7.31E-07 1.72E-06 1.06E-04 9.36E-02 2.16E-01 
G4-S2 0.466 1.00E-04 4.63E-08 1.48E-09 1.50E-01 1.31E-03 4.15E-08 
G4-S4 0.540 2.23E-01 2.76E-03 2.83E-01 1.48E-01 1.04E-01 2.08E-02 
G4-S6 0.517 2.59E-01 3.60E-01 3.87E-01 3.10E-11 2.12E-02 1.15E-01 
G4-S8 0.577 2.98E-01 2.87E-01 3.03E-01 3.67E-13 1.81E-03 2.47E-01 
G4-S10 0.517 4.34E-01 4.37E-01 3.06E-01 2.42E-02 4.11E-03 2.55E-01 
G5-S2 0.525 2.28E-01 4.13E-02 1.52E-02 4.62E-11 3.26E-01 1.59E-02 
G5-S6 0.520 1.99E-03 7.96E-05 7.51E-06 3.66E-01 5.28E-05 8.79E-03 
G5-S8 0.520 3.21E-01 4.43E-01 3.93E-01 2.88E-01 2.45E-09 4.67E-01 
G5-S10 0.429 3.01E-01 3.54E-11 7.31E-12 3.71E-01 3.39E-01 4.18E-08 
G6-S2 0.410 1.97E-02 1.54E-01 2.10E-01 2.49E-01 4.96E-11 2.85E-03 
G6-S4 0.508 3.67E-01 1.30E-01 7.62E-02 1.79E-05 4.78E-05 6.39E-02 
G6-S6 0.480 3.94E-03 4.80E-05 7.00E-06 7.79E-03 3.85E-01 1.71E-01 












Table A3 - 6. Percentage of damage runs with detected damage at each station for Trial 3. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 5 80 95 100 95 0 
G1-S6 0 40 30 20 100 10 0 
G1-S8 0 5 5 5 100 45 60 
G1-S10 0 100 100 100 100 50 0 
G2-S2 0 75 90 100 100 25 0 
G2-S4 0 95 100 100 100 20 100 
G2-S6 0 100 100 100 100 10 0 
G2-S8 0 15 35 20 5 20 0 
G2-S10 0 90 100 100 5 5 25 
G3-S2 0 65 100 100 85 15 0 
G3-S4 0 10 0 0 25 95 0 
G3-S6 0 100 100 100 100 90 70 
G3-S8 0 15 15 20 100 100 100 
G3-S10 0 30 100 100 95 30 15 
G4-S2 0 95 100 100 10 85 100 
G4-S4 0 10 70 10 10 30 55 
G4-S6 0 5 5 10 100 50 20 
G4-S8 0 5 5 10 100 90 0 
G4-S10 0 0 0 0 75 70 0 
G5-S2 0 0 65 70 100 5 85 
G5-S6 0 65 100 100 0 95 60 
G5-S8 0 0 0 0 15 100 0 
G5-S10 0 5 100 100 0 5 100 
G6-S2 0 70 35 5 15 100 80 
G6-S4 0 0 15 35 100 100 45 
G6-S6 0 75 100 100 40 5 5 
G6-S8 0 0 0 0 10 0 0 
















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.542 1.35E-03 1.21E-08 2.87E-12 4.08E-01 5.69E-04 1.69E-01 
G1-S6 0.609 9.20E-03 7.75E-03 7.50E-03 9.90E-02 1.78E-01 4.02E-01 
G1-S8 0.513 3.97E-01 2.99E-01 2.22E-01 5.16E-02 9.16E-03 1.54E-01 
G1-S10 0.535 2.39E-10 1.67E-10 1.57E-10 1.25E-13 4.12E-01 4.47E-01 
G2-S2 0.524 3.75E-05 9.74E-09 5.04E-10 4.33E-01 1.70E-02 2.77E-01 
G2-S4 0.527 2.14E-06 4.42E-10 4.03E-10 1.76E-09 3.20E-01 1.89E-05 
G2-S6 0.507 7.33E-09 5.66E-10 1.53E-10 5.31E-14 3.15E-01 4.42E-01 
G2-S8 0.566 8.35E-02 3.56E-02 2.10E-02 3.53E-01 1.44E-01 1.97E-01 
G2-S10 0.463 3.76E-02 2.68E-05 2.03E-08 6.30E-02 3.72E-01 2.23E-01 
G3-S2 0.519 2.16E-03 7.67E-03 6.49E-03 2.29E-02 4.16E-01 2.23E-01 
G3-S4 0.496 1.26E-01 3.79E-05 5.91E-05 1.88E-04 5.35E-02 7.46E-08 
G3-S6 0.505 8.72E-09 1.87E-09 6.94E-10 8.92E-11 3.21E-01 1.68E-02 
G3-S8 0.581 6.09E-01 4.68E-01 1.62E-01 8.30E-05 3.68E-02 5.37E-01 
G3-S10 0.504 1.13E-02 3.25E-08 1.82E-09 1.32E-01 3.00E-08 2.39E-01 
G4-S2 0.534 1.99E-04 1.49E-07 1.23E-09 1.03E-01 2.34E-02 5.30E-08 
G4-S4 0.409 5.90E-02 9.76E-02 1.19E-01 1.51E-01 3.78E-01 1.73E-01 
G4-S6 0.456 3.30E-01 2.79E-01 4.15E-01 8.04E-13 3.28E-01 2.17E-01 
G4-S8 0.610 3.53E-01 9.53E-02 2.23E-02 2.44E-01 1.92E-03 5.06E-01 
G4-S10 0.461 4.79E-01 3.83E-01 1.35E-01 1.30E-06 3.15E-01 2.36E-01 
G5-S2 0.496 1.75E-01 4.62E-02 6.07E-02 7.21E-12 3.45E-03 1.48E-02 
G5-S6 0.549 2.19E-01 9.05E-02 4.07E-02 3.09E-01 8.71E-05 1.93E-01 
G5-S8 0.551 2.19E-01 7.07E-03 5.37E-03 9.23E-03 2.12E-01 7.18E-02 
G5-S10 0.478 3.45E-01 4.10E-01 2.32E-01 7.52E-11 1.69E-01 3.12E-01 
G6-S2 0.569 1.57E-02 6.87E-02 2.00E-01 2.50E-01 3.26E-10 1.42E-01 
G6-S4 0.487 4.98E-01 4.52E-01 4.28E-01 4.30E-01 8.06E-02 4.85E-01 
G6-S6 0.490 4.79E-04 4.89E-06 2.06E-06 2.59E-07 2.21E-02 7.26E-02 












Table A3 - 8. Percentage of damage runs with detected damage at each station for Trial 4. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 75 100 100 10 90 20 
G1-S6 0 60 65 70 25 0 0 
G1-S8 0 5 30 35 45 75 10 
G1-S10 0 100 100 100 100 10 0 
G2-S2 0 100 100 100 0 40 5 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 35 50 70 0 15 15 
G2-S10 0 40 100 100 45 0 0 
G3-S2 0 65 85 65 65 0 0 
G3-S4 0 35 100 95 95 45 100 
G3-S6 0 100 100 100 100 0 35 
G3-S8 0 0 0 0 95 45 0 
G3-S10 0 60 100 100 40 100 10 
G4-S2 0 90 100 100 0 80 100 
G4-S4 0 35 20 15 25 10 15 
G4-S6 0 0 0 0 100 5 15 
G4-S8 0 0 5 20 0 95 0 
G4-S10 0 0 0 20 100 0 15 
G5-S2 0 5 55 70 100 70 45 
G5-S6 0 10 15 25 5 95 0 
G5-S8 0 0 60 65 85 10 15 
G5-S10 0 0 0 15 100 25 0 
G6-S2 0 75 35 5 10 100 15 
G6-S4 0 0 0 0 0 45 0 
G6-S6 0 80 100 100 100 60 25 
G6-S8 0 0 0 0 50 35 0 
















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.592 2.15E-01 1.27E-01 2.51E-02 4.08E-02 1.34E-10 1.83E-01 
G1-S6 0.471 2.35E-02 1.38E-02 5.75E-03 5.06E-11 1.44E-01 6.36E-02 
G1-S8 0.576 9.87E-02 5.43E-02 3.55E-02 1.38E-07 3.65E-01 1.77E-01 
G1-S10 0.413 7.28E-09 5.70E-11 1.84E-11 4.63E-01 4.18E-01 3.89E-01 
G2-S2 0.448 6.24E-03 2.49E-05 3.33E-06 3.12E-04 2.37E-08 3.29E-01 
G2-S4 0.517 1.00E-06 3.38E-12 3.47E-12 3.71E-07 3.24E-01 5.59E-11 
G2-S6 0.502 4.84E-10 1.97E-11 8.84E-12 4.60E-14 3.06E-01 3.95E-01 
G2-S8 0.510 3.30E-02 1.27E-01 1.65E-01 6.42E-10 9.25E-02 1.20E-01 
G2-S10 0.468 5.38E-04 2.35E-07 1.50E-08 4.73E-03 4.26E-01 1.27E-01 
G3-S2 0.467 9.02E-03 1.71E-05 7.15E-08 4.52E-01 3.72E-01 4.07E-01 
G3-S4 0.460 1.01E-04 1.49E-11 5.17E-12 2.06E-11 4.15E-01 7.90E-07 
G3-S6 0.421 1.98E-09 3.60E-10 1.08E-10 5.57E-14 1.35E-03 2.50E-01 
G3-S8 0.464 7.36E-02 5.12E-03 9.16E-04 5.87E-08 6.38E-04 3.64E-01 
G3-S10 0.428 6.17E-06 6.53E-12 1.51E-12 2.59E-01 5.14E-06 3.87E-01 
G4-S2 0.503 4.81E-02 6.54E-03 6.69E-04 4.24E-07 1.88E-01 4.50E-03 
G4-S4 0.538 1.42E-02 2.44E-12 2.69E-12 6.75E-02 3.28E-01 2.11E-12 
G4-S6 0.528 5.11E-01 4.18E-01 1.41E-01 6.49E-13 2.35E-01 1.16E-01 
G4-S8 0.495 3.60E-01 2.55E-02 8.36E-04 1.58E-10 3.42E-01 7.44E-03 
G4-S10 0.471 4.20E-01 2.75E-01 2.51E-01 8.82E-02 2.62E-01 1.10E-01 
G5-S2 0.512 2.34E-01 1.93E-02 8.63E-03 6.46E-11 2.01E-01 9.98E-04 
G5-S6 0.535 1.40E-03 4.76E-06 1.25E-07 8.12E-09 4.83E-02 7.80E-02 
G5-S8 0.492 1.71E-02 3.50E-05 1.60E-07 2.57E-05 3.51E-01 6.09E-07 
G5-S10 0.417 3.36E-01 1.45E-01 2.19E-01 6.80E-07 2.95E-01 1.60E-01 
G6-S2 0.353 1.03E-01 3.09E-01 2.85E-01 3.99E-02 5.30E-08 1.21E-01 
G6-S4 0.470 3.08E-01 1.07E-01 3.19E-02 9.34E-09 2.39E-09 2.11E-03 
G6-S6 0.468 1.93E-01 5.72E-02 2.88E-02 7.29E-07 1.30E-03 1.93E-01 












Table A3 - 10. Percentage of damage runs with detected damage at each station for Trial 5. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 5 20 55 40 100 5 
G1-S6 0 35 40 70 100 10 25 
G1-S8 0 15 20 35 100 0 0 
G1-S10 0 100 100 100 0 5 0 
G2-S2 0 70 100 100 90 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 35 35 35 100 15 5 
G2-S10 0 95 100 100 80 5 15 
G3-S2 0 60 100 100 0 0 0 
G3-S4 0 95 100 100 100 5 100 
G3-S6 0 100 100 100 100 80 5 
G3-S8 0 35 55 80 100 90 0 
G3-S10 0 100 100 100 0 100 5 
G4-S2 0 55 95 95 100 10 95 
G4-S4 0 40 100 100 25 5 100 
G4-S6 0 0 0 15 100 0 20 
G4-S8 0 0 55 90 100 5 85 
G4-S10 0 0 10 10 35 5 15 
G5-S2 0 5 50 60 100 10 85 
G5-S6 0 80 100 100 100 25 25 
G5-S8 0 35 100 100 100 0 100 
G5-S10 0 0 10 5 100 15 10 
G6-S2 0 50 0 15 45 100 15 
G6-S4 0 0 10 35 100 100 90 
G6-S6 0 10 45 65 100 90 10 
G6-S8 0 0 0 0 50 15 0 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.572 4.96E-02 8.49E-05 1.23E-07 1.14E-01 8.89E-11 3.31E-01 
G1-S6 0.534 1.08E-01 9.24E-02 6.80E-02 3.65E-12 1.78E-01 7.78E-02 
G1-S8 0.552 3.37E-01 4.70E-01 4.34E-01 1.13E-11 4.41E-01 2.95E-01 
G1-S10 0.442 1.66E-10 1.46E-10 1.44E-10 5.97E-13 3.21E-01 4.24E-01 
G2-S2 0.463 1.62E-06 4.05E-08 1.63E-08 5.44E-11 1.30E-03 5.40E-01 
G2-S4 0.530 6.18E-05 2.02E-11 2.12E-11 2.38E-10 2.26E-03 2.90E-10 
G2-S6 0.384 9.46E-12 3.95E-12 3.19E-12 4.61E-14 2.82E-01 3.04E-01 
G2-S8 0.468 4.01E-03 2.21E-05 7.37E-07 2.09E-04 2.00E-02 4.55E-01 
G2-S10 0.434 2.25E-05 3.58E-10 3.90E-12 4.45E-01 3.08E-01 4.86E-01 
G3-S2 0.493 9.75E-04 9.68E-05 1.34E-04 4.72E-03 4.29E-01 3.47E-01 
G3-S4 0.509 1.10E-01 2.47E-06 1.81E-09 2.11E-01 8.17E-07 8.55E-02 
G3-S6 0.415 1.12E-11 6.69E-12 7.19E-12 4.56E-14 4.58E-01 1.03E-01 
G3-S8 0.485 4.65E-01 2.77E-01 1.20E-01 1.81E-12 2.89E-05 4.20E-02 
G3-S10 0.481 3.92E-08 2.59E-13 6.26E-14 2.02E-01 9.08E-06 3.47E-01 
G4-S2 0.403 4.90E-05 1.85E-08 3.29E-10 1.63E-03 3.40E-10 3.97E-08 
G4-S4 0.599 1.17E-01 1.44E-10 8.45E-11 6.85E-02 2.74E-01 9.39E-12 
G4-S6 0.565 3.34E-01 3.41E-01 3.94E-01 4.69E-14 1.30E-01 1.38E-01 
G4-S8 0.557 3.19E-03 9.08E-07 1.13E-08 4.05E-13 5.37E-03 1.76E-03 
G4-S10 0.609 4.83E-01 2.80E-01 2.29E-01 3.27E-05 4.70E-05 3.07E-01 
G5-S2 0.543 1.21E-01 5.99E-03 4.40E-04 9.43E-13 3.00E-01 1.56E-03 
G5-S6 0.457 2.47E-04 5.93E-08 2.98E-09 2.74E-01 4.66E-04 2.77E-03 
G5-S8 0.547 1.85E-02 7.67E-03 2.49E-02 4.04E-01 9.49E-09 5.25E-03 
G5-S10 0.429 3.06E-01 2.77E-01 2.51E-01 8.21E-13 2.78E-01 2.52E-01 
G6-S2 0.442 1.27E-02 1.18E-01 1.88E-01 4.22E-01 8.49E-12 1.74E-03 
G6-S4 0.493 4.50E-01 5.31E-01 5.11E-01 5.89E-10 5.18E-05 6.36E-02 
G6-S6 0.499 1.83E-03 2.91E-05 6.72E-06 1.21E-01 3.15E-01 8.21E-02 












Table A3 - 12. Percentage of damage runs with detected damage at each station for Trial 6. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 30 100 100 25 100 5 
G1-S6 0 15 20 25 100 15 25 
G1-S8 0 5 5 10 100 0 0 
G1-S10 0 100 100 100 100 5 5 
G2-S2 0 100 100 100 100 80 0 
G2-S4 0 100 100 100 100 90 100 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 80 100 100 90 45 0 
G2-S10 0 100 100 100 0 5 5 
G3-S2 0 80 95 95 70 0 0 
G3-S4 0 25 100 100 5 100 25 
G3-S6 0 100 100 100 100 5 5 
G3-S8 0 0 0 25 100 100 30 
G3-S10 0 100 100 100 10 100 10 
G4-S2 0 100 100 100 85 100 100 
G4-S4 0 10 100 100 25 20 100 
G4-S6 0 5 5 0 100 15 15 
G4-S8 0 75 100 100 100 85 80 
G4-S10 0 0 10 5 100 100 10 
G5-S2 0 10 85 90 100 5 85 
G5-S6 0 90 100 100 0 95 55 
G5-S8 0 30 35 35 5 100 55 
G5-S10 0 0 5 5 100 5 15 
G6-S2 5 75 45 0 0 100 85 
G6-S4 0 0 0 0 100 100 40 
G6-S6 0 80 100 100 25 0 30 
G6-S8 0 0 0 0 40 10 0 
















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.538 1.74E-02 6.06E-06 2.40E-08 4.04E-01 6.81E-10 3.75E-01 
G1-S6 0.576 1.56E-01 2.41E-01 2.99E-01 1.34E-12 2.03E-01 1.86E-01 
G1-S8 0.530 4.05E-02 3.72E-04 4.02E-07 3.80E-12 9.93E-06 6.66E-02 
G1-S10 0.485 1.47E-10 1.46E-10 1.46E-10 6.28E-14 8.27E-02 5.46E-01 
G2-S2 0.392 1.37E-05 1.60E-10 9.30E-12 1.41E-01 1.13E-02 4.74E-01 
G2-S4 0.474 3.13E-04 1.52E-09 1.38E-09 3.37E-05 2.45E-01 4.99E-04 
G2-S6 0.411 1.25E-11 5.91E-12 4.16E-12 4.56E-14 2.76E-01 3.31E-01 
G2-S8 0.507 2.15E-02 2.39E-04 8.19E-06 2.08E-02 2.10E-05 4.85E-01 
G2-S10 0.434 1.20E-04 8.51E-10 6.50E-12 3.09E-01 4.22E-01 3.74E-01 
G3-S2 0.489 1.39E-04 7.73E-08 1.90E-09 1.71E-02 4.88E-01 5.47E-01 
G3-S4 0.474 2.70E-01 4.65E-01 3.71E-01 1.99E-02 2.31E-01 1.34E-01 
G3-S6 0.531 4.77E-12 2.48E-12 2.26E-12 4.41E-14 1.61E-02 6.88E-03 
G3-S8 0.515 4.81E-01 2.93E-01 2.35E-01 1.77E-12 3.00E-04 2.78E-02 
G3-S10 0.496 5.52E-05 2.72E-11 1.35E-12 3.31E-02 1.16E-09 5.82E-02 
G4-S2 0.402 1.14E-05 1.56E-08 3.93E-10 7.27E-02 5.88E-08 1.44E-08 
G4-S4 0.522 1.06E-01 4.23E-11 1.99E-11 7.42E-02 9.35E-03 1.44E-09 
G4-S6 0.544 4.22E-01 3.88E-01 3.83E-01 5.19E-14 1.22E-01 1.20E-01 
G4-S8 0.502 1.40E-02 6.69E-05 6.37E-07 8.53E-13 3.82E-01 2.61E-03 
G4-S10 0.563 4.57E-01 4.04E-01 4.53E-01 7.87E-05 2.26E-01 2.66E-01 
G5-S2 0.571 3.39E-02 2.30E-04 5.47E-05 1.26E-12 3.55E-01 1.34E-03 
G5-S6 0.390 4.48E-04 1.87E-08 1.36E-09 3.78E-01 1.47E-05 2.69E-03 
G5-S8 0.556 1.70E-01 4.33E-01 5.66E-01 5.99E-02 5.03E-09 3.25E-01 
G5-S10 0.373 2.83E-01 1.09E-07 3.53E-01 1.53E-01 3.07E-01 1.45E-06 
G6-S2 0.459 3.12E-04 7.32E-03 8.08E-02 4.06E-01 6.12E-11 1.47E-04 
G6-S4 0.455 3.47E-01 4.71E-01 4.45E-01 1.77E-10 1.92E-01 2.23E-01 
G6-S6 0.418 5.07E-04 8.46E-06 2.32E-06 1.57E-06 3.85E-01 5.45E-02 












Table A3 - 14. Percentage of damage runs with detected damage at each station for Trial 7. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 30 100 100 5 100 5 
G1-S6 0 10 0 0 100 0 10 
G1-S8 0 40 90 100 100 100 20 
G1-S10 0 100 100 100 100 10 0 
G2-S2 0 100 100 100 25 85 5 
G2-S4 0 95 100 100 100 5 90 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 65 95 100 50 100 0 
G2-S10 0 95 100 100 5 5 0 
G3-S2 0 100 100 100 50 0 0 
G3-S4 0 5 5 5 60 15 20 
G3-S6 0 100 100 100 100 40 45 
G3-S8 0 0 0 0 100 90 45 
G3-S10 0 100 100 100 25 100 35 
G4-S2 0 100 100 100 40 100 100 
G4-S4 0 20 100 100 20 65 100 
G4-S6 0 0 0 0 100 10 15 
G4-S8 0 50 100 100 100 0 90 
G4-S10 0 0 0 0 95 10 5 
G5-S2 0 45 95 95 100 5 90 
G5-S6 0 90 100 100 0 100 70 
G5-S8 0 0 0 0 55 100 0 
G5-S10 0 0 100 10 15 10 100 
G6-S2 0 90 60 45 0 100 95 
G6-S4 0 0 0 0 100 35 15 
G6-S6 0 90 100 100 100 0 45 
G6-S8 0 0 0 0 0 0 0 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.502 1.93E-03 3.53E-07 2.02E-08 2.71E-01 1.48E-07 4.03E-01 
G1-S6 0.671 1.32E-01 1.87E-01 1.51E-01 2.00E-10 4.20E-01 3.70E-01 
G1-S8 0.567 4.60E-01 4.45E-01 3.98E-01 1.75E-10 1.38E-04 7.25E-02 
G1-S10 0.602 1.57E-10 1.41E-10 1.26E-10 1.14E-13 1.43E-01 5.57E-01 
G2-S2 0.456 3.98E-07 4.83E-10 2.96E-10 3.11E-01 4.10E-01 1.98E-01 
G2-S4 0.518 7.58E-05 2.67E-12 2.20E-12 4.74E-03 3.39E-02 4.50E-11 
G2-S6 0.449 1.64E-10 1.89E-11 1.19E-11 4.45E-14 2.75E-01 3.17E-01 
G2-S8 0.512 9.96E-02 6.34E-02 3.43E-02 4.14E-01 4.96E-01 1.93E-01 
G2-S10 0.488 1.51E-02 3.04E-06 1.69E-08 2.62E-01 1.87E-02 3.44E-01 
G3-S2 0.516 2.02E-04 3.76E-08 6.32E-10 4.76E-02 2.06E-01 3.49E-01 
G3-S4 0.463 3.48E-01 3.33E-01 5.17E-01 2.52E-01 3.53E-01 4.95E-01 
G3-S6 0.523 4.99E-10 2.38E-11 7.73E-12 4.78E-14 2.46E-01 1.65E-02 
G3-S8 0.464 4.34E-01 3.74E-01 1.41E-01 2.35E-11 1.93E-03 3.50E-01 
G3-S10 0.490 3.14E-03 1.67E-10 1.03E-12 6.77E-05 4.11E-07 1.55E-02 
G4-S2 0.400 4.58E-05 3.16E-07 6.36E-09 1.09E-01 6.75E-11 1.25E-08 
G4-S4 0.494 1.95E-01 2.74E-08 3.53E-08 1.38E-01 1.20E-12 7.98E-05 
G4-S6 0.488 2.51E-01 1.69E-01 1.99E-01 6.16E-14 2.09E-01 1.66E-01 
G4-S8 0.508 2.25E-01 5.65E-02 9.63E-03 2.66E-08 1.05E-05 1.90E-01 
G4-S10 0.486 2.77E-01 5.27E-01 3.11E-01 4.17E-02 9.76E-02 2.02E-01 
G5-S2 0.506 1.55E-02 3.55E-04 1.57E-04 2.55E-13 3.21E-02 1.90E-03 
G5-S6 0.428 1.02E-02 2.23E-05 7.60E-07 4.15E-01 1.65E-05 1.43E-02 
G5-S8 0.587 3.20E-01 5.57E-01 2.33E-01 3.26E-01 2.87E-10 3.94E-01 
G5-S10 0.364 2.78E-01 2.51E-01 2.97E-01 9.97E-09 2.55E-01 2.65E-01 
G6-S2 0.416 1.33E-05 1.36E-03 2.38E-02 1.99E-01 2.32E-10 5.70E-04 
G6-S4 0.509 3.33E-01 5.42E-01 5.14E-01 3.49E-03 2.40E-01 4.75E-01 
G6-S6 0.478 6.55E-04 1.48E-05 5.09E-06 2.11E-07 3.42E-01 6.52E-02 












Table A3 - 16. Percentage of damage runs with detected damage at each station for Trial 8. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 75 100 100 5 100 0 
G1-S6 0 30 25 35 100 0 0 
G1-S8 0 0 5 5 100 95 10 
G1-S10 0 100 100 100 100 15 0 
G2-S2 0 100 100 100 5 0 5 
G2-S4 0 95 100 100 80 50 100 
G2-S6 0 100 100 100 100 5 5 
G2-S8 0 10 35 60 5 0 5 
G2-S10 0 60 100 100 0 55 0 
G3-S2 0 95 100 100 30 0 0 
G3-S4 0 5 0 5 25 10 0 
G3-S6 0 100 100 100 100 10 35 
G3-S8 0 5 0 15 100 65 0 
G3-S10 0 80 100 100 100 100 70 
G4-S2 0 100 100 100 25 100 100 
G4-S4 0 5 100 100 20 100 95 
G4-S6 0 5 15 15 100 20 20 
G4-S8 0 15 40 60 100 100 30 
G4-S10 0 0 0 5 35 25 5 
G5-S2 0 45 90 95 100 35 80 
G5-S6 0 40 100 100 0 100 55 
G5-S8 0 0 0 5 0 100 0 
G5-S10 0 0 5 0 100 10 5 
G6-S2 0 100 90 65 20 100 90 
G6-S4 0 0 0 0 95 10 0 
G6-S6 0 85 100 100 100 5 30 
G6-S8 0 0 0 0 5 10 0 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.595 1.91E-01 9.06E-02 1.87E-02 8.15E-03 1.35E-09 8.47E-02 
G1-S6 0.472 2.60E-02 1.50E-02 6.49E-03 1.21E-10 1.03E-01 6.14E-02 
G1-S8 0.567 1.01E-01 6.06E-02 3.70E-02 5.37E-08 3.96E-01 2.28E-01 
G1-S10 0.411 3.43E-09 1.27E-11 4.19E-12 3.35E-01 2.82E-01 3.98E-01 
G2-S2 0.454 7.15E-03 8.28E-04 8.56E-04 3.05E-08 4.87E-08 4.26E-01 
G2-S4 0.513 3.07E-07 1.85E-12 2.31E-12 2.18E-07 3.23E-01 1.44E-11 
G2-S6 0.468 1.52E-10 1.31E-11 6.73E-12 4.62E-14 3.59E-01 3.97E-01 
G2-S8 0.526 2.21E-02 4.35E-02 6.70E-02 3.47E-10 4.75E-01 2.73E-01 
G2-S10 0.486 4.86E-04 5.75E-08 1.59E-10 1.89E-05 1.41E-01 3.62E-01 
G3-S2 0.496 8.73E-03 2.47E-05 2.96E-08 1.56E-01 3.88E-01 3.45E-01 
G3-S4 0.498 9.19E-05 1.03E-11 4.34E-12 9.71E-11 1.84E-05 1.42E-09 
G3-S6 0.418 2.31E-10 5.62E-11 2.26E-11 4.96E-14 1.13E-02 3.22E-01 
G3-S8 0.469 3.60E-02 3.90E-04 1.04E-05 1.30E-07 3.41E-04 4.25E-01 
G3-S10 0.428 3.47E-06 9.75E-12 9.94E-13 3.21E-01 9.97E-05 3.81E-01 
G4-S2 0.496 4.34E-02 7.56E-03 1.29E-03 1.06E-05 7.08E-02 3.98E-03 
G4-S4 0.537 1.92E-02 2.32E-12 2.62E-12 6.23E-02 3.30E-01 1.90E-12 
G4-S6 0.516 4.73E-01 4.92E-01 4.51E-01 6.32E-13 4.68E-01 2.94E-01 
G4-S8 0.484 2.89E-01 1.56E-02 1.80E-04 1.34E-10 3.22E-01 5.67E-05 
G4-S10 0.485 4.59E-01 4.11E-01 3.85E-01 1.12E-01 1.37E-01 2.89E-02 
G5-S2 0.520 2.06E-01 8.34E-03 2.35E-03 4.03E-11 2.03E-01 1.24E-03 
G5-S6 0.513 6.69E-03 1.45E-04 2.40E-06 4.49E-09 6.03E-02 1.14E-01 
G5-S8 0.494 2.93E-02 2.16E-04 1.74E-06 7.52E-05 3.53E-01 7.64E-06 
G5-S10 0.465 2.77E-01 2.55E-01 3.08E-01 1.43E-09 2.95E-01 2.35E-01 
G6-S2 0.358 1.10E-01 2.71E-01 2.69E-01 3.28E-01 6.65E-10 2.09E-02 
G6-S4 0.467 3.62E-01 1.89E-01 6.06E-02 4.13E-09 1.77E-09 2.21E-03 
G6-S6 0.489 2.37E-01 8.40E-02 4.48E-02 6.30E-07 3.32E-02 2.52E-01 












Table A3 - 18. Percentage of damage runs with detected damage at each station for Trial 9. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 5 20 60 80 100 15 
G1-S6 0 35 45 80 100 15 30 
G1-S8 0 15 20 35 100 0 0 
G1-S10 0 100 100 100 0 0 0 
G2-S2 0 65 95 90 100 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 40 40 45 100 0 0 
G2-S10 0 95 100 100 100 20 15 
G3-S2 0 65 100 100 15 0 0 
G3-S4 0 95 100 100 100 100 100 
G3-S6 0 100 100 100 100 55 5 
G3-S8 0 35 90 100 100 95 0 
G3-S10 0 100 100 100 5 100 5 
G4-S2 0 70 95 95 100 25 95 
G4-S4 0 35 100 100 25 5 100 
G4-S6 0 0 0 0 100 0 10 
G4-S8 0 0 65 95 100 5 100 
G4-S10 0 0 0 0 25 15 25 
G5-S2 0 10 65 85 100 15 80 
G5-S6 0 80 100 100 100 25 20 
G5-S8 0 30 90 100 95 0 100 
G5-S10 0 0 5 0 100 10 5 
G6-S2 0 45 5 15 5 100 45 
G6-S4 0 0 0 15 100 100 85 
G6-S6 0 10 40 50 100 70 10 
G6-S8 0 0 0 0 55 20 0 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.569 5.56E-02 2.31E-04 1.23E-07 2.19E-01 1.95E-10 3.48E-01 
G1-S6 0.488 9.68E-02 1.34E-01 1.40E-01 2.91E-12 2.49E-01 1.37E-01 
G1-S8 0.544 3.83E-01 4.30E-01 3.38E-01 1.11E-11 1.67E-02 1.48E-01 
G1-S10 0.465 1.57E-10 1.46E-10 1.45E-10 2.09E-13 1.48E-01 4.78E-01 
G2-S2 0.458 9.46E-06 2.23E-08 2.33E-08 1.23E-04 8.57E-03 5.83E-01 
G2-S4 0.522 2.48E-02 2.87E-05 3.11E-05 3.41E-06 7.66E-13 6.23E-02 
G2-S6 0.402 7.92E-12 4.18E-12 3.39E-12 4.58E-14 2.81E-01 2.82E-01 
G2-S8 0.514 3.89E-03 1.85E-05 4.89E-06 8.44E-04 2.98E-02 4.51E-01 
G2-S10 0.430 9.66E-05 5.20E-10 2.91E-11 3.99E-01 3.27E-01 4.14E-01 
G3-S2 0.447 3.31E-04 2.41E-07 3.56E-09 3.00E-03 3.26E-01 4.89E-01 
G3-S4 0.472 8.68E-03 8.89E-02 2.21E-01 1.54E-01 1.16E-07 2.98E-01 
G3-S6 0.438 9.10E-12 5.57E-12 5.19E-12 4.43E-14 1.89E-01 6.98E-02 
G3-S8 0.482 4.13E-01 2.01E-01 1.06E-01 2.13E-12 3.49E-05 8.50E-03 
G3-S10 0.432 6.90E-08 2.76E-12 5.98E-13 4.73E-01 1.53E-07 2.94E-01 
G4-S2 0.420 2.10E-04 5.03E-08 8.82E-10 1.61E-01 1.55E-04 1.46E-07 
G4-S4 0.540 8.24E-02 2.52E-10 3.84E-10 1.39E-02 1.75E-02 4.62E-11 
G4-S6 0.596 3.74E-01 3.88E-01 4.33E-01 4.62E-14 1.14E-01 9.97E-02 
G4-S8 0.584 4.11E-03 1.50E-07 4.31E-10 8.24E-13 3.61E-01 6.51E-05 
G4-S10 0.519 4.29E-01 1.07E-01 5.18E-02 1.79E-01 5.27E-04 2.82E-01 
G5-S2 0.510 1.36E-01 2.68E-03 2.29E-04 1.10E-12 3.11E-01 1.98E-03 
G5-S6 0.504 1.28E-04 8.02E-09 9.59E-10 3.31E-01 9.66E-04 1.84E-03 
G5-S8 0.529 2.26E-02 5.08E-03 4.35E-03 4.75E-01 2.43E-04 2.16E-02 
G5-S10 0.452 3.19E-01 2.70E-01 2.54E-01 1.16E-12 2.86E-01 2.22E-01 
G6-S2 0.435 9.72E-03 8.57E-02 1.63E-01 4.18E-01 8.53E-12 1.83E-03 
G6-S4 0.500 3.08E-01 4.87E-01 4.91E-01 5.12E-10 1.44E-01 2.07E-01 
G6-S6 0.489 2.77E-03 5.47E-05 1.15E-05 9.98E-03 2.83E-01 1.06E-01 












Table A3 - 20. Percentage of damage runs with detected damage at each station for Trial 10. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 25 90 100 5 100 5 
G1-S6 0 20 20 20 100 0 15 
G1-S8 0 5 10 5 100 65 5 
G1-S10 0 100 100 100 100 25 0 
G2-S2 0 100 100 100 100 65 5 
G2-S4 0 75 100 100 100 100 50 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 80 100 100 90 50 0 
G2-S10 0 95 100 100 0 5 0 
G3-S2 0 90 100 100 80 0 0 
G3-S4 0 50 15 15 5 100 0 
G3-S6 0 100 100 100 100 5 15 
G3-S8 0 0 5 40 100 100 45 
G3-S10 0 100 100 100 0 100 10 
G4-S2 0 95 100 100 5 95 100 
G4-S4 0 20 100 100 50 55 100 
G4-S6 0 0 0 0 100 20 25 
G4-S8 0 70 100 100 100 5 100 
G4-S10 0 0 10 25 10 85 0 
G5-S2 0 15 85 95 100 5 85 
G5-S6 0 95 100 100 0 95 70 
G5-S8 0 25 55 60 0 90 55 
G5-S10 0 0 0 0 100 5 5 
G6-S2 0 75 50 5 0 100 80 
G6-S4 0 0 0 0 100 40 10 
G6-S6 0 85 100 100 80 10 35 
G6-S8 0 0 0 0 45 10 0 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.506 1.86E-02 4.53E-06 4.54E-08 4.02E-01 1.82E-10 3.95E-01 
G1-S6 0.526 7.46E-02 1.41E-01 1.49E-01 1.56E-12 2.57E-01 1.63E-01 
G1-S8 0.578 4.47E-01 3.17E-01 2.60E-01 1.43E-11 1.14E-05 4.09E-02 
G1-S10 0.499 1.51E-10 1.47E-10 1.46E-10 1.41E-13 1.42E-01 5.31E-01 
G2-S2 0.444 2.00E-06 1.08E-08 8.87E-09 2.09E-01 4.03E-01 4.17E-01 
G2-S4 0.484 3.32E-04 6.11E-10 4.33E-10 7.72E-07 1.06E-02 8.82E-07 
G2-S6 0.447 8.90E-12 4.05E-12 3.22E-12 4.49E-14 3.28E-01 2.82E-01 
G2-S8 0.522 2.80E-02 5.46E-04 1.24E-05 6.08E-02 2.79E-01 4.02E-01 
G2-S10 0.453 3.02E-04 5.03E-09 5.67E-11 3.70E-01 3.24E-01 3.30E-01 
G3-S2 0.500 1.29E-04 1.82E-07 7.09E-08 2.72E-02 4.47E-01 5.57E-01 
G3-S4 0.496 1.35E-01 4.73E-03 1.26E-02 1.29E-01 3.12E-01 1.65E-01 
G3-S6 0.497 4.32E-12 2.54E-12 2.34E-12 4.42E-14 6.98E-02 1.82E-02 
G3-S8 0.457 4.40E-01 4.14E-01 2.96E-01 1.75E-12 5.48E-07 1.72E-03 
G3-S10 0.503 1.03E-05 6.16E-12 6.44E-13 6.97E-02 2.10E-07 1.55E-01 
G4-S2 0.415 1.27E-05 1.69E-08 5.04E-10 1.96E-01 1.63E-11 1.19E-08 
G4-S4 0.558 6.92E-02 1.80E-11 1.16E-11 3.96E-02 2.02E-01 2.62E-11 
G4-S6 0.521 3.40E-01 3.27E-01 3.36E-01 5.04E-14 1.09E-01 1.32E-01 
G4-S8 0.562 3.82E-02 3.72E-03 4.11E-05 4.51E-12 3.31E-03 7.77E-03 
G4-S10 0.555 4.03E-01 4.14E-01 3.47E-01 1.87E-05 3.11E-02 2.60E-01 
G5-S2 0.541 3.87E-02 1.97E-04 4.89E-05 1.18E-12 3.45E-01 1.44E-03 
G5-S6 0.436 8.10E-04 5.25E-08 1.54E-09 4.09E-01 1.66E-05 3.17E-03 
G5-S8 0.537 9.93E-02 3.61E-01 4.67E-01 1.12E-01 4.86E-11 1.90E-01 
G5-S10 0.409 3.01E-01 4.02E-01 3.73E-01 1.14E-10 2.97E-01 3.16E-01 
G6-S2 0.442 9.66E-04 1.68E-02 1.30E-01 4.17E-01 1.20E-11 7.31E-04 
G6-S4 0.496 2.45E-01 3.86E-01 4.64E-01 1.03E-06 1.76E-01 3.04E-01 
G6-S6 0.456 5.31E-04 1.03E-05 2.89E-06 2.75E-06 4.02E-01 6.30E-02 











Table A3 - 22. Percentage of damage runs with detected damage at each station for Trial 11. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 30 100 100 5 100 5 
G1-S6 0 25 15 15 100 0 15 
G1-S8 0 5 5 5 100 100 25 
G1-S10 0 100 100 100 100 30 5 
G2-S2 0 100 100 100 15 0 10 
G2-S4 0 95 100 100 100 65 100 
G2-S6 0 100 100 100 100 0 10 
G2-S8 0 55 95 100 25 5 5 
G2-S10 0 95 100 100 0 5 5 
G3-S2 0 95 100 100 55 0 0 
G3-S4 0 5 50 60 30 10 10 
G3-S6 0 100 100 100 100 10 25 
G3-S8 0 0 0 0 100 100 70 
G3-S10 0 100 100 100 30 100 25 
G4-S2 0 100 100 100 5 100 100 
G4-S4 0 25 100 100 45 25 100 
G4-S6 0 5 5 5 100 15 20 
G4-S8 0 40 85 100 100 85 80 
G4-S10 0 0 0 5 100 50 5 
G5-S2 0 40 95 100 100 5 90 
G5-S6 0 90 100 100 0 100 70 
G5-S8 0 0 0 0 15 100 15 
G5-S10 0 0 0 0 100 10 0 
G6-S2 0 90 70 30 0 100 85 
G6-S4 0 0 0 0 100 40 0 
G6-S6 0 90 100 100 100 0 45 
G6-S8 0 0 0 0 30 10 0 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.531 5.11E-03 7.01E-07 3.47E-08 3.77E-01 4.78E-08 4.65E-01 
G1-S6 0.549 1.39E-01 1.71E-01 1.66E-01 1.04E-11 3.59E-01 3.37E-01 
G1-S8 0.557 1.01E-05 1.29E-07 8.35E-09 3.70E-11 1.44E-04 2.66E-02 
G1-S10 0.596 1.55E-10 1.47E-10 1.45E-10 5.32E-13 1.15E-01 5.97E-01 
G2-S2 0.410 5.36E-06 3.45E-10 1.05E-10 4.35E-01 3.38E-01 2.57E-01 
G2-S4 0.475 2.45E-05 1.29E-12 1.10E-12 4.79E-05 3.42E-01 2.29E-12 
G2-S6 0.510 4.02E-11 9.91E-12 6.91E-12 4.39E-14 2.60E-01 3.43E-01 
G2-S8 0.520 1.02E-01 4.53E-02 4.58E-02 3.61E-01 3.96E-01 2.53E-01 
G2-S10 0.445 2.31E-02 1.49E-05 3.12E-08 5.30E-02 3.88E-01 3.26E-01 
G3-S2 0.484 1.47E-04 3.86E-08 7.85E-10 1.46E-01 2.53E-01 3.77E-01 
G3-S4 0.456 2.58E-01 1.03E-02 2.98E-01 3.07E-01 3.23E-01 1.25E-01 
G3-S6 0.577 1.08E-10 1.12E-11 5.49E-12 4.56E-14 1.78E-01 2.69E-02 
G3-S8 0.490 4.38E-01 4.35E-01 3.45E-01 4.21E-11 7.04E-03 2.82E-01 
G3-S10 0.533 5.01E-04 4.48E-10 3.96E-12 2.16E-06 4.05E-08 2.84E-02 
G4-S2 0.418 1.62E-04 5.98E-07 1.39E-08 5.96E-02 4.13E-11 4.61E-09 
G4-S4 0.574 2.05E-01 3.15E-07 2.96E-07 3.29E-01 2.77E-03 6.09E-07 
G4-S6 0.489 2.65E-01 1.38E-01 1.60E-01 5.96E-14 2.48E-01 1.45E-01 
G4-S8 0.563 2.44E-01 4.84E-02 1.69E-02 3.28E-02 3.04E-07 1.34E-01 
G4-S10 0.490 2.84E-01 4.99E-01 4.19E-01 2.49E-03 1.37E-01 1.28E-01 
G5-S2 0.582 1.58E-02 1.70E-04 8.11E-05 2.18E-13 1.81E-01 1.63E-03 
G5-S6 0.428 1.72E-02 1.91E-05 1.27E-07 4.64E-01 7.85E-06 1.21E-02 
G5-S8 0.578 3.28E-01 5.60E-01 3.03E-01 3.01E-01 8.80E-06 2.59E-01 
G5-S10 0.406 2.85E-01 5.40E-08 8.94E-11 2.16E-03 2.50E-01 1.58E-05 
G6-S2 0.438 1.46E-05 2.56E-03 6.61E-02 2.45E-01 2.82E-10 9.01E-04 
G6-S4 0.520 3.46E-01 4.97E-01 4.73E-01 7.86E-04 2.01E-01 3.59E-01 
G6-S6 0.428 7.29E-04 3.36E-05 1.43E-05 2.07E-08 4.03E-01 6.49E-02 












Table A3 - 24. Percentage of damage runs with detected damage at each station for Trial 12. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 70 100 100 5 100 0 
G1-S6 0 25 10 15 100 0 0 
G1-S8 0 100 100 100 100 95 20 
G1-S10 0 100 100 100 100 30 0 
G2-S2 0 100 100 100 5 0 5 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 15 45 45 5 0 5 
G2-S10 0 65 100 100 60 0 0 
G3-S2 0 95 100 100 10 0 0 
G3-S4 0 5 35 10 10 10 20 
G3-S6 0 100 100 100 100 5 20 
G3-S8 0 5 0 0 100 60 5 
G3-S10 0 90 100 100 100 100 65 
G4-S2 0 95 100 100 35 100 100 
G4-S4 0 5 100 100 10 70 100 
G4-S6 0 5 20 20 100 15 30 
G4-S8 0 5 35 55 55 100 20 
G4-S10 0 0 0 0 80 15 15 
G5-S2 0 40 100 100 100 10 80 
G5-S6 0 40 100 100 0 100 60 
G5-S8 0 0 0 5 0 100 10 
G5-S10 0 0 100 100 95 10 100 
G6-S2 0 100 90 50 10 100 90 
G6-S4 0 0 0 0 80 20 0 
G6-S6 0 85 100 100 100 5 40 
G6-S8 0 0 0 0 0 10 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.554 1.51E-01 4.60E-03 6.80E-06 4.45E-01 3.47E-09 2.13E-01 
G1-S6 0.485 5.60E-03 2.36E-03 5.02E-04 3.64E-12 1.99E-01 1.08E-01 
G1-S8 0.506 8.51E-03 6.61E-03 3.09E-03 2.19E-08 4.59E-04 3.46E-01 
G1-S10 0.409 6.15E-07 1.18E-09 2.86E-10 2.94E-01 3.70E-01 3.43E-01 
G2-S2 0.544 3.03E-01 1.26E-01 4.38E-02 4.43E-01 8.12E-02 4.20E-01 
G2-S4 0.492 8.91E-07 5.42E-12 6.76E-12 1.69E-10 2.06E-04 1.76E-10 
G2-S6 0.522 1.60E-10 2.95E-11 1.41E-11 4.37E-14 4.53E-01 3.94E-01 
G2-S8 0.500 2.37E-01 1.95E-01 1.68E-01 3.16E-10 4.49E-08 1.47E-01 
G2-S10 0.459 1.42E-02 4.32E-04 1.29E-05 2.83E-01 3.20E-01 6.73E-04 
G3-S2 0.496 1.18E-02 4.25E-04 3.63E-06 2.64E-01 4.16E-01 4.03E-01 
G3-S4 0.462 1.78E-03 5.07E-07 1.61E-07 2.91E-04 5.52E-08 9.32E-05 
G3-S6 0.387 9.40E-08 4.10E-08 1.92E-08 1.26E-12 4.98E-04 4.63E-01 
G3-S8 0.465 4.05E-01 3.75E-01 2.71E-01 9.41E-11 3.07E-01 9.30E-02 
G3-S10 0.486 3.69E-07 9.05E-12 5.71E-13 8.40E-03 2.56E-03 2.77E-01 
G4-S2 0.533 7.61E-03 3.84E-05 6.72E-07 3.61E-08 5.84E-02 1.73E-04 
G4-S4 0.376 1.00E-02 4.79E-12 2.33E-12 1.94E-01 3.38E-01 3.15E-12 
G4-S6 0.509 2.30E-01 4.16E-01 2.51E-01 5.17E-14 1.29E-04 6.73E-02 
G4-S8 0.515 1.81E-01 4.16E-03 7.26E-05 8.01E-13 3.52E-01 5.74E-05 
G4-S10 0.525 1.92E-01 5.81E-04 1.90E-05 4.42E-09 3.51E-04 3.27E-01 
G5-S2 0.518 2.14E-01 1.44E-02 4.11E-03 1.49E-10 2.04E-01 6.32E-03 
G5-S6 0.457 2.23E-02 3.80E-03 5.33E-04 1.12E-04 7.30E-02 2.60E-01 
G5-S8 0.483 6.02E-02 4.68E-02 6.68E-02 1.14E-08 3.82E-01 7.56E-04 
G5-S10 0.478 2.46E-01 7.98E-02 9.21E-02 8.66E-10 3.27E-01 9.07E-02 
G6-S2 0.362 8.56E-02 1.35E-01 1.68E-01 3.38E-01 5.72E-12 5.68E-06 
G6-S4 0.503 5.71E-02 4.43E-03 4.61E-04 3.60E-09 2.87E-10 1.35E-03 
G6-S6 0.477 1.79E-01 7.87E-02 3.65E-02 1.44E-07 3.03E-01 2.35E-01 












Table A3 - 26. Percentage of damage runs with detected damage at each station for Trial 13. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 15 70 100 0 100 10 
G1-S6 0 55 65 90 100 10 20 
G1-S8 0 80 80 85 100 95 0 
G1-S10 0 100 100 100 5 5 0 
G2-S2 0 0 10 45 5 35 0 
G2-S4 0 100 100 100 100 95 100 
G2-S6 0 100 100 100 100 5 5 
G2-S8 0 0 5 25 100 100 5 
G2-S10 0 60 95 100 5 0 95 
G3-S2 0 60 95 100 0 0 0 
G3-S4 0 80 100 100 95 100 100 
G3-S6 0 100 100 100 100 90 0 
G3-S8 0 0 0 10 100 5 15 
G3-S10 0 100 100 100 85 70 10 
G4-S2 0 60 100 100 100 30 95 
G4-S4 0 45 100 100 10 5 100 
G4-S6 0 5 0 10 100 95 45 
G4-S8 0 0 80 100 100 10 100 
G4-S10 0 5 75 100 100 85 5 
G5-S2 0 5 65 70 100 10 70 
G5-S6 0 65 80 90 95 30 15 
G5-S8 0 20 25 30 100 0 75 
G5-S10 0 5 45 40 100 0 45 
G6-S2 5 55 35 20 10 100 100 
G6-S4 0 30 70 85 100 100 95 
G6-S6 0 10 50 65 100 10 10 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.483 1.34E-01 4.04E-05 3.05E-07 2.82E-01 3.94E-07 1.87E-01 
G1-S6 0.547 9.30E-02 4.81E-02 3.80E-02 5.37E-03 2.65E-01 4.36E-01 
G1-S8 0.469 8.39E-04 1.03E-05 8.53E-06 2.38E-01 6.72E-05 1.08E-01 
G1-S10 0.435 1.34E-10 1.02E-10 9.15E-11 1.37E-12 1.16E-01 3.93E-01 
G2-S2 0.509 1.04E-05 7.10E-10 1.34E-10 2.73E-02 4.63E-05 2.44E-01 
G2-S4 0.546 1.36E-02 5.74E-07 4.59E-08 4.03E-01 2.57E-07 6.08E-06 
G2-S6 0.408 1.46E-10 4.58E-11 2.49E-11 4.38E-14 3.53E-01 3.30E-01 
G2-S8 0.549 8.09E-03 2.89E-05 1.84E-08 2.83E-08 3.57E-01 1.45E-01 
G2-S10 0.539 2.82E-05 3.43E-10 5.07E-12 2.38E-03 3.99E-01 2.93E-01 
G3-S2 0.539 2.14E-04 5.59E-07 1.30E-08 3.78E-01 1.46E-01 3.08E-01 
G3-S4 0.514 2.57E-01 2.99E-07 1.17E-07 2.10E-02 7.99E-06 1.20E-01 
G3-S6 0.522 1.41E-11 2.48E-12 1.17E-12 3.65E-10 2.53E-01 8.37E-02 
G3-S8 0.432 2.33E-01 2.38E-01 1.14E-01 1.72E-05 2.41E-01 8.66E-05 
G3-S10 0.500 1.79E-04 2.21E-09 2.23E-11 3.33E-03 2.13E-09 1.32E-02 
G4-S2 0.399 4.05E-05 5.83E-08 5.08E-09 1.66E-01 4.34E-09 5.99E-08 
G4-S4 0.535 2.61E-01 1.81E-06 1.14E-05 1.19E-04 8.81E-09 3.74E-06 
G4-S6 0.496 2.36E-01 1.66E-01 1.17E-01 7.46E-13 1.91E-01 4.14E-01 
G4-S8 0.520 2.70E-01 2.78E-01 3.36E-01 1.50E-12 9.62E-10 3.25E-01 
G4-S10 0.506 4.13E-01 3.94E-01 4.21E-01 3.61E-01 7.74E-02 3.19E-01 
G5-S2 0.500 1.96E-01 1.06E-02 2.89E-03 1.56E-09 2.96E-01 5.29E-03 
G5-S6 0.496 5.07E-04 1.83E-06 3.80E-07 6.73E-08 1.21E-03 1.63E-02 
G5-S8 0.445 4.08E-01 4.55E-01 3.72E-01 3.57E-01 3.99E-08 1.90E-01 
G5-S10 0.362 2.15E-01 4.22E-01 4.39E-01 3.95E-10 1.42E-01 2.65E-01 
G6-S2 0.540 8.17E-02 3.83E-01 2.39E-01 5.27E-03 1.01E-11 4.57E-01 
G6-S4 0.472 4.17E-01 5.07E-01 5.30E-01 2.29E-01 1.30E-07 6.09E-02 
G6-S6 0.406 2.38E-03 1.07E-04 6.89E-05 2.04E-07 3.40E-01 2.08E-01 












Table A3 - 28. Percentage of damage runs with detected damage at each station for Trial 14. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 40 100 100 15 100 20 
G1-S6 0 20 30 40 80 5 0 
G1-S8 0 95 100 100 5 100 25 
G1-S10 0 100 100 100 100 30 0 
G2-S2 0 100 100 100 65 100 5 
G2-S4 0 55 100 100 0 100 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 85 100 100 100 5 15 
G2-S10 0 100 100 100 85 0 5 
G3-S2 0 95 100 100 0 20 0 
G3-S4 0 5 100 100 60 100 10 
G3-S6 0 100 100 100 100 10 35 
G3-S8 0 10 10 25 100 10 100 
G3-S10 0 95 100 100 80 100 55 
G4-S2 0 100 100 100 35 100 100 
G4-S4 0 5 100 100 95 100 100 
G4-S6 0 0 15 35 100 5 5 
G4-S8 0 5 0 0 100 100 5 
G4-S10 0 0 0 0 0 60 0 
G5-S2 0 5 60 75 100 5 80 
G5-S6 0 75 100 100 100 95 60 
G5-S8 0 0 0 0 0 100 15 
G5-S10 0 5 0 0 100 25 5 
G6-S2 0 35 0 5 75 100 0 
G6-S4 0 0 0 0 5 100 35 
G6-S6 0 70 95 95 100 10 10 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.479 9.71E-04 8.59E-08 4.14E-09 3.81E-01 4.85E-04 5.45E-01 
G1-S6 0.514 7.14E-02 3.18E-01 3.89E-01 4.02E-09 4.39E-01 3.94E-01 
G1-S8 0.495 1.55E-01 1.32E-01 1.18E-01 2.55E-01 5.44E-04 1.39E-01 
G1-S10 0.561 1.43E-10 1.17E-10 1.03E-10 3.43E-07 2.11E-01 4.48E-01 
G2-S2 0.470 4.74E-03 1.60E-05 8.57E-07 2.47E-01 2.77E-01 4.77E-01 
G2-S4 0.470 1.61E-01 3.65E-01 3.51E-01 1.76E-01 4.27E-01 3.32E-01 
G2-S6 0.532 3.58E-07 1.79E-07 1.37E-07 9.64E-13 3.28E-01 4.29E-01 
G2-S8 0.547 1.74E-01 6.91E-02 3.71E-02 3.73E-01 2.44E-03 1.12E-01 
G2-S10 0.485 6.82E-03 3.05E-07 2.59E-09 2.94E-04 3.26E-01 1.99E-01 
G3-S2 0.510 6.74E-03 3.11E-04 1.73E-02 4.17E-01 1.10E-01 4.25E-01 
G3-S4 0.414 3.19E-01 2.78E-03 2.16E-03 8.50E-02 4.22E-01 8.72E-03 
G3-S6 0.573 4.20E-07 1.84E-08 5.69E-09 7.76E-13 2.12E-01 1.20E-01 
G3-S8 0.527 4.40E-01 2.56E-01 2.48E-01 2.11E-01 2.75E-01 1.21E-01 
G3-S10 0.411 2.80E-02 4.35E-05 1.61E-06 8.19E-05 1.03E-07 1.08E-01 
G4-S2 0.425 3.13E-03 7.46E-06 5.91E-07 3.16E-01 7.17E-06 4.55E-08 
G4-S4 0.426 2.84E-01 1.60E-05 1.58E-05 6.99E-03 2.14E-04 1.48E-03 
G4-S6 0.429 3.07E-01 3.85E-01 3.62E-01 3.43E-07 2.52E-01 1.92E-01 
G4-S8 0.550 4.18E-01 3.68E-01 3.91E-01 2.21E-03 4.49E-02 3.87E-01 
G4-S10 0.477 2.85E-01 4.49E-01 2.69E-01 3.78E-01 3.56E-01 2.39E-01 
G5-S2 0.520 2.16E-03 1.11E-06 9.75E-08 5.85E-11 6.88E-06 1.31E-03 
G5-S6 0.551 6.71E-02 1.98E-03 1.10E-04 4.06E-01 1.26E-05 8.17E-03 
G5-S8 0.589 5.11E-01 3.95E-01 1.58E-01 2.77E-01 1.61E-06 3.28E-01 
G5-S10 0.443 3.05E-01 4.34E-01 2.14E-01 1.29E-10 2.92E-01 1.33E-01 
G6-S2 0.482 4.38E-03 3.26E-02 1.65E-01 6.15E-04 2.04E-09 1.79E-02 
G6-S4 0.436 3.30E-01 3.98E-01 3.98E-01 3.98E-02 4.06E-01 3.63E-01 
G6-S6 0.587 3.09E-02 2.83E-03 1.44E-03 5.35E-04 2.44E-01 1.72E-01 












Table A3 - 30. Percentage of damage runs with detected damage at each station for Trial 15. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 80 100 100 10 90 5 
G1-S6 0 15 5 0 100 0 0 
G1-S8 0 20 30 25 10 95 15 
G1-S10 0 100 100 100 100 20 0 
G2-S2 0 75 100 100 10 0 5 
G2-S4 0 10 5 0 25 0 5 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 10 40 45 10 85 15 
G2-S10 0 60 100 100 95 15 15 
G3-S2 0 85 90 80 0 10 0 
G3-S4 0 10 65 80 20 10 65 
G3-S6 0 100 100 100 100 5 5 
G3-S8 0 0 5 5 20 15 20 
G3-S10 0 85 100 100 95 100 20 
G4-S2 0 55 100 100 15 100 100 
G4-S4 0 0 100 100 65 90 75 
G4-S6 0 0 5 0 100 0 10 
G4-S8 0 0 0 0 75 55 0 
G4-S10 0 0 5 10 0 5 10 
G5-S2 0 75 100 100 100 100 75 
G5-S6 0 20 75 95 0 100 50 
G5-S8 0 0 0 0 10 100 0 
G5-S10 0 5 0 25 100 0 10 
G6-S2 0 90 55 5 80 100 50 
G6-S4 0 0 0 0 55 5 0 
G6-S6 0 45 75 85 95 15 10 
G6-S8 0 0 0 0 45 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.486 1.73E-01 8.23E-03 3.35E-03 3.46E-01 5.96E-02 2.13E-01 
G1-S6 0.583 1.27E-01 1.86E-01 1.37E-01 1.01E-05 3.43E-01 2.81E-01 
G1-S8 0.566 2.94E-01 4.16E-01 4.31E-01 2.67E-04 6.00E-03 2.47E-01 
G1-S10 0.535 1.69E-10 1.08E-10 9.48E-11 1.36E-09 1.81E-02 5.41E-01 
G2-S2 0.521 6.36E-03 1.11E-03 2.77E-03 7.10E-02 3.96E-01 3.57E-01 
G2-S4 0.565 1.51E-01 2.45E-02 3.78E-02 2.87E-01 2.89E-05 1.42E-01 
G2-S6 0.562 2.63E-06 9.42E-07 6.83E-07 2.27E-12 2.02E-01 3.40E-01 
G2-S8 0.506 1.01E-01 4.39E-02 8.40E-04 4.28E-01 3.94E-01 7.93E-02 
G2-S10 0.439 1.27E-01 3.99E-03 2.64E-04 5.06E-03 1.24E-01 3.49E-01 
G3-S2 0.541 8.70E-03 2.36E-04 2.06E-05 5.01E-02 3.87E-01 2.71E-01 
G3-S4 0.510 4.72E-01 1.65E-01 1.18E-01 2.23E-02 6.58E-03 2.95E-01 
G3-S6 0.587 2.50E-07 3.72E-09 8.41E-10 1.27E-10 8.38E-02 5.79E-02 
G3-S8 0.508 4.84E-01 2.41E-01 1.38E-01 1.95E-01 9.47E-02 3.62E-01 
G3-S10 0.439 3.22E-02 1.34E-04 2.54E-05 1.33E-01 2.64E-07 3.68E-02 
G4-S2 0.326 6.84E-03 4.29E-05 2.50E-06 2.89E-01 1.49E-04 1.56E-07 
G4-S4 0.488 1.30E-01 2.44E-01 2.37E-01 3.17E-01 7.86E-05 3.02E-01 
G4-S6 0.531 3.48E-01 1.62E-01 6.07E-02 1.59E-12 3.39E-01 2.91E-01 
G4-S8 0.539 3.84E-01 1.36E-01 7.37E-02 1.69E-01 3.31E-01 2.04E-01 
G4-S10 0.494 4.18E-01 3.78E-01 2.90E-01 1.51E-01 3.24E-01 2.83E-01 
G5-S2 0.576 3.39E-02 5.39E-05 2.62E-06 2.04E-02 6.92E-02 6.58E-03 
G5-S6 0.574 6.95E-02 1.11E-03 1.44E-04 1.31E-01 3.19E-04 4.15E-02 
G5-S8 0.426 4.70E-01 1.70E-01 9.71E-02 7.55E-02 2.53E-01 3.67E-01 
G5-S10 0.552 2.75E-01 4.78E-05 1.61E-01 3.16E-01 1.77E-01 5.92E-03 
G6-S2 0.445 7.29E-04 2.49E-02 1.16E-01 4.20E-01 9.58E-11 2.20E-02 
G6-S4 0.534 5.13E-01 4.05E-01 1.83E-01 4.54E-03 9.19E-04 3.56E-01 
G6-S6 0.400 6.08E-03 3.30E-04 2.45E-04 1.06E-01 2.38E-01 2.27E-01 












Table A3 - 32. Percentage of damage runs with detected damage at each station for Trial 16. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 15 75 95 0 60 30 
G1-S6 0 10 10 10 100 0 0 
G1-S8 0 10 0 0 95 90 5 
G1-S10 0 100 100 100 100 40 0 
G2-S2 0 75 85 90 30 5 0 
G2-S4 0 10 80 75 5 100 20 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 40 60 85 0 0 20 
G2-S10 0 15 85 95 75 10 5 
G3-S2 0 65 95 100 30 0 0 
G3-S4 0 5 25 30 90 85 15 
G3-S6 0 100 100 100 100 5 15 
G3-S8 0 0 10 15 25 40 0 
G3-S10 0 50 95 100 30 100 50 
G4-S2 0 60 100 100 0 95 100 
G4-S4 0 20 15 10 10 95 10 
G4-S6 0 0 15 50 100 0 5 
G4-S8 0 0 20 25 15 5 10 
G4-S10 0 0 0 5 20 15 5 
G5-S2 0 35 100 100 50 35 50 
G5-S6 0 20 85 95 40 90 20 
G5-S8 0 0 0 25 35 0 5 
G5-S10 0 0 100 15 0 20 85 
G6-S2 0 90 55 40 5 100 40 
G6-S4 0 0 0 10 55 95 5 
G6-S6 0 55 90 90 20 10 10 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.577 1.07E-01 6.23E-03 3.37E-05 1.77E-01 6.55E-11 5.15E-01 
G1-S6 0.466 1.19E-02 5.38E-03 1.53E-03 1.01E-11 1.37E-01 6.17E-02 
G1-S8 0.537 2.95E-01 2.35E-01 2.00E-01 5.19E-09 1.79E-03 3.31E-01 
G1-S10 0.402 9.24E-10 2.87E-11 7.82E-12 4.49E-01 8.57E-02 3.99E-01 
G2-S2 0.544 7.14E-03 2.91E-03 1.03E-02 1.49E-01 5.26E-09 4.12E-01 
G2-S4 0.480 1.74E-06 1.22E-12 2.08E-12 5.81E-09 3.23E-01 6.44E-11 
G2-S6 0.535 7.26E-11 1.49E-11 7.59E-12 4.38E-14 3.01E-01 4.61E-01 
G2-S8 0.464 6.05E-02 3.56E-02 1.96E-02 5.95E-12 1.16E-01 4.87E-01 
G2-S10 0.420 6.34E-04 9.91E-07 3.98E-09 3.21E-01 3.22E-01 7.89E-03 
G3-S2 0.489 7.00E-03 2.73E-05 2.26E-07 6.24E-03 2.40E-01 3.14E-01 
G3-S4 0.519 5.39E-05 4.49E-12 5.08E-12 3.64E-08 7.77E-02 3.85E-10 
G3-S6 0.436 2.63E-11 2.45E-11 1.63E-10 4.67E-14 4.47E-01 2.13E-01 
G3-S8 0.448 2.53E-01 1.98E-01 1.97E-01 6.01E-12 4.19E-01 7.18E-02 
G3-S10 0.473 1.61E-07 1.85E-13 5.62E-14 1.39E-06 1.30E-01 2.90E-01 
G4-S2 0.547 1.37E-02 4.25E-04 1.32E-05 6.85E-04 1.00E-01 6.02E-04 
G4-S4 0.564 3.53E-02 1.55E-12 1.60E-12 1.60E-01 2.72E-01 1.19E-12 
G4-S6 0.490 1.94E-01 4.34E-01 4.36E-01 4.62E-14 6.71E-03 1.01E-01 
G4-S8 0.469 2.55E-01 8.16E-03 1.14E-04 1.13E-11 3.51E-01 5.66E-05 
G4-S10 0.495 5.71E-02 5.87E-05 1.17E-06 1.02E-07 1.32E-04 3.83E-01 
G5-S2 0.506 1.31E-01 2.50E-03 2.49E-04 1.00E-12 2.34E-01 8.49E-04 
G5-S6 0.460 1.11E-02 6.48E-04 2.97E-05 2.71E-07 1.00E-01 1.64E-01 
G5-S8 0.497 5.61E-03 1.32E-04 5.02E-06 3.45E-08 3.82E-01 2.89E-07 
G5-S10 0.433 3.91E-01 4.87E-02 4.73E-02 7.88E-10 2.95E-01 1.30E-01 
G6-S2 0.379 3.26E-02 1.49E-01 2.92E-01 3.90E-01 2.27E-11 3.06E-06 
G6-S4 0.506 1.60E-01 2.89E-02 5.29E-03 4.68E-09 3.92E-10 1.92E-03 
G6-S6 0.464 1.87E-01 7.75E-02 4.05E-02 3.88E-08 2.82E-01 2.24E-01 












Table A3 - 34. Percentage of damage runs with detected damage at each station for Trial 17. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 15 65 100 5 100 0 
G1-S6 0 50 55 85 100 20 25 
G1-S8 0 0 10 15 100 80 0 
G1-S10 0 100 100 100 0 35 5 
G2-S2 0 50 80 85 10 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 35 35 55 100 30 0 
G2-S10 0 90 100 100 5 0 70 
G3-S2 0 65 100 100 75 10 5 
G3-S4 0 95 100 100 100 35 100 
G3-S6 0 100 100 100 100 0 15 
G3-S8 0 10 25 30 100 5 40 
G3-S10 0 100 100 100 100 30 10 
G4-S2 0 80 95 100 75 20 95 
G4-S4 0 25 100 100 10 15 100 
G4-S6 0 5 0 0 100 75 30 
G4-S8 0 0 65 95 100 5 100 
G4-S10 0 20 100 100 100 95 5 
G5-S2 0 15 85 85 100 5 85 
G5-S6 0 80 85 100 100 25 25 
G5-S8 0 55 95 100 100 0 100 
G5-S10 0 0 45 45 100 5 45 
G6-S2 0 45 20 5 0 100 100 
G6-S4 0 15 35 45 100 100 95 
G6-S6 0 15 45 60 100 35 15 
G6-S8 0 0 0 0 35 5 0 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.559 6.52E-03 7.38E-07 7.33E-08 2.68E-01 1.02E-09 3.56E-01 
G1-S6 0.650 1.11E-01 1.78E-01 2.29E-01 1.87E-04 4.88E-01 3.10E-01 
G1-S8 0.530 5.83E-07 1.15E-09 4.62E-11 1.90E-10 4.14E-07 1.43E-02 
G1-S10 0.461 1.23E-10 1.00E-10 7.94E-11 2.38E-13 9.20E-04 5.22E-01 
G2-S2 0.472 1.66E-06 1.96E-10 9.79E-11 3.84E-01 2.74E-01 4.03E-01 
G2-S4 0.533 3.34E-04 3.17E-10 2.74E-10 7.82E-09 1.64E-08 2.17E-03 
G2-S6 0.452 2.86E-11 9.29E-12 6.68E-12 4.45E-14 3.25E-01 2.89E-01 
G2-S8 0.531 2.96E-02 4.17E-04 7.04E-06 4.32E-01 4.51E-01 3.32E-01 
G2-S10 0.481 8.95E-05 3.13E-10 6.16E-12 3.25E-02 3.46E-01 1.68E-01 
G3-S2 0.543 9.49E-05 6.45E-07 1.95E-05 9.00E-02 4.58E-01 4.87E-01 
G3-S4 0.495 1.01E-01 6.29E-02 2.59E-01 4.46E-01 1.20E-01 3.78E-01 
G3-S6 0.514 2.09E-12 1.07E-12 9.13E-13 2.28E-13 3.93E-02 3.28E-02 
G3-S8 0.497 5.99E-01 1.99E-01 6.04E-02 6.28E-11 2.13E-02 3.26E-01 
G3-S10 0.522 2.91E-05 1.62E-10 9.09E-13 6.04E-02 4.40E-11 5.26E-02 
G4-S2 0.387 1.84E-05 3.22E-08 5.62E-10 1.46E-02 3.76E-11 9.00E-08 
G4-S4 0.538 1.02E-01 2.79E-10 1.27E-09 4.97E-02 3.94E-04 1.64E-09 
G4-S6 0.461 2.46E-01 6.31E-02 2.41E-03 7.12E-14 2.25E-01 2.66E-01 
G4-S8 0.547 2.08E-01 1.23E-01 6.80E-02 3.66E-12 3.19E-08 5.10E-02 
G4-S10 0.559 4.99E-01 2.01E-01 1.03E-01 7.68E-07 8.38E-02 2.32E-01 
G5-S2 0.560 1.78E-02 7.96E-05 2.15E-05 2.54E-12 4.31E-01 7.24E-04 
G5-S6 0.409 1.12E-03 1.23E-07 2.05E-09 3.95E-01 2.23E-05 6.17E-03 
G5-S8 0.562 2.84E-01 5.38E-01 4.03E-01 2.18E-01 5.21E-02 5.36E-01 
G5-S10 0.471 2.26E-01 3.48E-01 3.49E-01 5.26E-13 2.93E-01 2.07E-01 
G6-S2 0.424 2.31E-04 2.39E-03 5.20E-02 1.42E-01 1.78E-11 6.42E-03 
G6-S4 0.499 3.22E-01 3.85E-01 4.33E-01 2.65E-08 4.69E-03 2.46E-01 
G6-S6 0.450 3.28E-03 1.07E-04 5.29E-05 2.03E-02 2.54E-01 1.20E-01 












Table A3 - 36. Percentage of damage runs with detected damage at each station for Trial 18. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 65 100 100 10 100 0 
G1-S6 0 20 15 15 95 0 0 
G1-S8 0 100 100 100 100 100 40 
G1-S10 0 100 100 100 100 90 0 
G2-S2 0 100 100 100 5 5 5 
G2-S4 0 90 100 100 100 100 80 
G2-S6 0 100 100 100 100 10 5 
G2-S8 0 70 85 100 5 0 5 
G2-S10 0 95 100 100 55 0 25 
G3-S2 0 95 100 100 15 0 0 
G3-S4 0 15 45 10 0 30 0 
G3-S6 0 100 100 100 100 45 20 
G3-S8 0 0 5 10 100 65 0 
G3-S10 0 100 100 100 35 100 35 
G4-S2 0 100 100 100 70 100 100 
G4-S4 0 20 100 100 65 85 100 
G4-S6 0 5 30 70 100 10 10 
G4-S8 0 15 25 45 100 100 45 
G4-S10 0 0 10 15 100 50 5 
G5-S2 0 50 95 100 100 5 90 
G5-S6 0 75 100 100 0 100 70 
G5-S8 0 0 0 0 0 20 0 
G5-S10 0 5 5 5 100 0 10 
G6-S2 0 95 85 40 25 100 75 
G6-S4 0 0 0 0 100 65 20 
G6-S6 0 70 100 100 70 15 30 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.529 3.76E-03 5.75E-07 1.18E-08 4.61E-01 2.69E-06 5.07E-01 
G1-S6 0.488 9.05E-02 4.26E-02 2.02E-02 2.69E-03 4.49E-01 2.61E-01 
G1-S8 0.577 3.46E-01 3.00E-01 3.04E-01 4.27E-08 1.26E-01 1.21E-01 
G1-S10 0.561 1.12E-10 8.37E-11 7.61E-11 1.23E-08 5.55E-02 6.65E-01 
G2-S2 0.451 2.58E-04 1.30E-08 1.64E-09 3.94E-01 5.35E-01 2.94E-01 
G2-S4 0.522 2.93E-04 6.00E-13 5.86E-13 5.42E-07 3.87E-10 1.55E-09 
G2-S6 0.451 2.32E-10 3.45E-11 2.41E-11 4.87E-14 2.80E-01 2.87E-01 
G2-S8 0.553 9.87E-02 1.44E-02 3.04E-03 3.23E-01 3.67E-01 2.13E-01 
G2-S10 0.483 1.16E-02 2.27E-07 3.30E-10 9.31E-09 3.53E-01 2.33E-01 
G3-S2 0.480 3.77E-04 1.99E-06 9.49E-06 6.93E-02 3.81E-01 4.17E-01 
G3-S4 0.408 1.57E-01 2.86E-01 4.14E-01 1.34E-02 3.35E-01 3.40E-01 
G3-S6 0.611 1.77E-11 5.15E-12 3.75E-12 7.61E-11 1.18E-01 4.04E-02 
G3-S8 0.516 5.98E-01 1.82E-01 1.42E-01 8.09E-07 3.09E-01 3.96E-01 
G3-S10 0.499 7.64E-04 7.87E-09 4.43E-11 1.86E-06 3.08E-08 1.59E-02 
G4-S2 0.455 5.23E-04 1.96E-06 3.70E-08 3.29E-02 6.30E-11 1.64E-07 
G4-S4 0.531 1.55E-01 6.71E-08 1.20E-07 1.41E-03 2.61E-04 5.51E-09 
G4-S6 0.448 2.78E-01 7.07E-02 2.77E-02 5.87E-14 3.21E-01 2.13E-01 
G4-S8 0.589 1.76E-01 2.02E-02 2.57E-03 1.30E-02 5.08E-07 7.97E-02 
G4-S10 0.495 3.77E-01 5.47E-01 4.16E-01 2.48E-03 4.02E-02 1.20E-01 
G5-S2 0.501 7.37E-03 8.36E-05 3.07E-05 9.06E-12 1.70E-01 8.81E-04 
G5-S6 0.504 1.39E-02 6.12E-06 2.53E-07 4.14E-01 3.10E-05 1.26E-02 
G5-S8 0.517 3.95E-01 5.40E-01 2.25E-01 2.86E-01 3.94E-02 4.05E-01 
G5-S10 0.384 3.43E-01 3.85E-03 3.06E-08 1.16E-01 1.59E-01 1.33E-01 
G6-S2 0.427 5.07E-05 2.47E-03 3.83E-02 5.17E-03 2.20E-10 1.87E-03 
G6-S4 0.504 3.64E-01 4.59E-01 4.65E-01 1.93E-02 2.00E-01 3.81E-01 
G6-S6 0.515 2.68E-03 4.25E-04 4.64E-04 7.51E-04 3.72E-01 3.95E-02 












Table A3 - 38. Percentage of damage runs with detected damage at each station for Trial 19. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 60 100 100 5 100 0 
G1-S6 0 35 45 65 80 0 5 
G1-S8 0 5 10 10 100 45 0 
G1-S10 0 100 100 100 100 35 0 
G2-S2 0 95 100 100 0 0 5 
G2-S4 0 85 100 100 100 100 100 
G2-S6 0 100 100 100 100 5 5 
G2-S8 0 25 60 80 5 0 10 
G2-S10 0 85 100 100 100 0 0 
G3-S2 0 90 100 100 15 0 0 
G3-S4 0 10 10 5 75 5 5 
G3-S6 0 100 100 100 100 20 10 
G3-S8 0 0 5 5 100 5 0 
G3-S10 0 80 100 100 100 100 65 
G4-S2 0 90 100 100 65 100 100 
G4-S4 0 15 100 100 90 90 100 
G4-S6 0 5 45 55 100 5 10 
G4-S8 0 10 65 85 75 100 35 
G4-S10 0 0 0 10 85 40 10 
G5-S2 0 50 100 100 100 20 85 
G5-S6 0 40 100 100 0 100 50 
G5-S8 0 0 0 0 0 30 0 
G5-S10 0 5 80 100 40 25 45 
G6-S2 0 100 90 50 75 100 90 
G6-S4 0 0 0 0 50 25 0 
G6-S6 0 75 90 90 90 0 25 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.517 1.89E-03 3.77E-07 2.93E-08 4.85E-01 3.65E-07 5.22E-01 
G1-S6 0.427 3.40E-02 1.11E-02 2.30E-02 3.67E-01 4.78E-01 1.53E-01 
G1-S8 0.543 2.38E-03 9.61E-04 2.91E-04 1.79E-07 1.62E-02 9.88E-02 
G1-S10 0.585 1.36E-10 9.78E-11 7.88E-11 1.62E-07 1.26E-02 6.24E-01 
G2-S2 0.413 7.57E-04 9.32E-09 3.92E-10 3.31E-01 3.59E-01 2.47E-01 
G2-S4 0.514 2.38E-04 4.69E-13 1.64E-12 2.73E-07 4.19E-04 7.15E-13 
G2-S6 0.450 3.83E-10 2.98E-11 6.95E-11 4.82E-14 2.93E-01 2.95E-01 
G2-S8 0.511 8.17E-02 1.07E-02 1.18E-03 3.75E-01 4.38E-01 1.36E-01 
G2-S10 0.545 1.52E-02 3.41E-06 1.98E-08 4.10E-03 3.54E-01 3.54E-01 
G3-S2 0.455 1.70E-03 3.47E-06 1.75E-07 2.77E-02 3.44E-01 4.62E-01 
G3-S4 0.439 3.13E-01 1.09E-02 3.75E-01 4.29E-01 1.67E-01 2.65E-01 
G3-S6 0.614 1.04E-08 2.40E-10 6.39E-11 1.56E-08 5.75E-02 1.84E-02 
G3-S8 0.503 4.80E-01 3.55E-01 3.33E-01 1.46E-04 1.69E-01 2.16E-01 
G3-S10 0.531 1.81E-03 1.13E-07 4.00E-10 1.97E-06 1.24E-07 7.69E-03 
G4-S2 0.436 3.00E-03 8.68E-05 3.14E-06 1.11E-01 2.92E-11 1.22E-07 
G4-S4 0.489 3.68E-01 1.36E-04 1.64E-04 2.83E-02 8.47E-04 2.19E-04 
G4-S6 0.464 3.41E-01 1.75E-01 7.99E-02 5.21E-14 3.56E-01 1.73E-01 
G4-S8 0.576 2.45E-01 3.29E-02 2.97E-03 2.84E-01 7.18E-02 1.93E-01 
G4-S10 0.561 2.42E-01 3.62E-01 2.92E-01 2.98E-03 6.36E-02 1.55E-01 
G5-S2 0.539 6.14E-03 4.91E-05 1.76E-05 1.22E-13 4.32E-01 6.57E-04 
G5-S6 0.473 6.74E-02 6.16E-04 9.32E-06 2.15E-01 1.13E-03 3.43E-02 
G5-S8 0.549 4.41E-01 4.82E-01 3.25E-01 3.82E-01 5.96E-02 4.31E-01 
G5-S10 0.524 2.46E-01 1.69E-04 2.43E-01 2.54E-01 3.28E-01 7.45E-03 
G6-S2 0.416 5.13E-05 3.93E-03 4.04E-02 3.50E-02 6.82E-11 1.13E-03 
G6-S4 0.486 3.29E-01 4.33E-01 4.72E-01 1.43E-02 9.27E-02 2.32E-01 
G6-S6 0.566 1.21E-02 3.83E-03 3.58E-03 8.73E-03 3.11E-01 6.78E-02 












Table A3 - 40. Percentage of damage runs with detected damage at each station for Trial 20. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 65 100 100 5 100 0 
G1-S6 0 35 45 25 5 0 5 
G1-S8 0 90 90 90 100 65 0 
G1-S10 0 100 100 100 100 45 0 
G2-S2 0 95 100 100 0 0 5 
G2-S4 0 90 100 100 100 95 100 
G2-S6 0 100 100 100 100 10 15 
G2-S8 0 50 70 85 10 0 15 
G2-S10 0 50 100 100 95 0 0 
G3-S2 0 75 100 100 55 0 0 
G3-S4 0 5 65 5 5 20 10 
G3-S6 0 100 100 100 100 30 50 
G3-S8 0 0 0 0 90 15 5 
G3-S10 0 80 100 100 100 100 70 
G4-S2 0 80 100 100 25 100 100 
G4-S4 0 0 95 95 35 95 90 
G4-S6 0 0 15 35 100 5 25 
G4-S8 0 10 45 75 0 60 25 
G4-S10 0 0 0 0 85 30 15 
G5-S2 0 50 100 100 100 0 90 
G5-S6 0 25 90 100 10 85 30 
G5-S8 0 0 0 0 0 40 0 
G5-S10 0 0 95 25 10 5 80 
G6-S2 0 100 90 50 50 100 90 
G6-S4 0 0 0 0 80 50 20 
G6-S6 0 80 85 85 75 10 30 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.603 1.66E-01 3.04E-02 7.46E-04 1.95E-02 3.33E-11 2.96E-01 
G1-S6 0.463 2.18E-02 1.16E-02 5.22E-03 1.15E-11 1.36E-01 5.36E-02 
G1-S8 0.537 3.14E-01 2.46E-01 2.10E-01 5.71E-09 2.37E-03 3.42E-01 
G1-S10 0.437 5.25E-10 2.97E-11 7.36E-12 3.01E-01 3.95E-02 3.99E-01 
G2-S2 0.544 5.59E-02 5.94E-03 4.26E-03 3.82E-01 1.06E-07 3.96E-01 
G2-S4 0.461 1.23E-06 3.15E-12 3.03E-12 1.56E-08 3.22E-01 8.82E-08 
G2-S6 0.547 6.94E-11 1.41E-11 6.67E-12 4.42E-14 3.02E-01 3.79E-01 
G2-S8 0.474 9.18E-02 4.50E-02 1.76E-02 2.60E-11 6.26E-07 4.73E-01 
G2-S10 0.426 6.84E-04 1.64E-06 1.09E-08 3.03E-01 4.05E-01 6.18E-03 
G3-S2 0.472 3.32E-03 1.83E-06 4.42E-09 2.26E-02 4.02E-01 3.74E-01 
G3-S4 0.522 6.16E-05 5.62E-12 7.05E-12 7.09E-08 5.68E-03 1.64E-09 
G3-S6 0.434 4.39E-11 3.65E-11 2.01E-10 4.70E-14 4.30E-01 2.41E-01 
G3-S8 0.452 3.72E-01 3.22E-01 3.35E-01 1.26E-10 2.34E-01 3.54E-02 
G3-S10 0.454 1.37E-07 2.54E-13 6.11E-14 1.54E-05 4.07E-03 2.83E-01 
G4-S2 0.500 2.13E-02 1.02E-03 3.79E-05 1.76E-04 9.54E-02 9.95E-04 
G4-S4 0.547 3.54E-02 1.48E-12 1.53E-12 1.62E-01 3.08E-01 1.16E-12 
G4-S6 0.527 2.62E-01 4.10E-01 4.30E-01 7.22E-14 7.26E-03 1.33E-01 
G4-S8 0.488 2.44E-01 1.62E-02 5.45E-04 1.03E-11 3.54E-01 6.77E-05 
G4-S10 0.484 2.30E-01 7.96E-04 1.14E-05 9.72E-08 2.55E-04 4.27E-01 
G5-S2 0.514 1.34E-01 2.99E-03 2.74E-04 1.03E-12 2.49E-01 9.77E-04 
G5-S6 0.468 9.57E-03 2.93E-04 1.04E-05 1.90E-07 8.02E-02 1.10E-01 
G5-S8 0.501 5.66E-03 1.23E-04 4.86E-06 1.11E-07 3.62E-01 2.15E-07 
G5-S10 0.452 2.93E-01 9.65E-02 1.09E-01 1.79E-10 3.07E-01 1.17E-01 
G6-S2 0.398 3.69E-02 1.35E-01 2.55E-01 4.30E-01 1.22E-11 1.75E-07 
G6-S4 0.502 1.77E-01 3.37E-02 6.98E-03 4.48E-09 4.32E-10 1.90E-03 
G6-S6 0.457 1.98E-01 8.21E-02 4.52E-02 1.40E-07 2.42E-01 2.12E-01 












Table A3 - 42. Percentage of damage runs with detected damage at each station for Trial 21. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 10 35 85 60 100 0 
G1-S6 0 30 40 50 100 20 25 
G1-S8 0 0 5 15 100 80 0 
G1-S10 0 100 100 100 5 60 5 
G2-S2 0 10 60 75 5 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 20 40 60 100 100 0 
G2-S10 0 95 100 100 0 5 85 
G3-S2 0 85 100 100 65 0 0 
G3-S4 0 95 100 100 100 60 100 
G3-S6 0 100 100 100 100 0 5 
G3-S8 0 5 5 0 100 5 55 
G3-S10 0 100 100 100 100 70 10 
G4-S2 0 75 95 100 95 20 95 
G4-S4 0 30 100 100 10 15 100 
G4-S6 0 0 0 0 100 75 25 
G4-S8 0 0 65 90 100 5 100 
G4-S10 0 5 85 100 100 95 0 
G5-S2 0 15 85 85 100 5 85 
G5-S6 0 80 90 100 100 30 25 
G5-S8 0 55 95 100 100 0 100 
G5-S10 0 0 45 45 100 5 45 
G6-S2 0 45 20 10 0 100 100 
G6-S4 0 15 35 45 100 100 95 
G6-S6 0 10 45 55 100 25 15 
G6-S8 0 0 0 0 35 5 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.554 6.65E-03 7.96E-07 7.47E-08 3.50E-01 1.51E-09 3.79E-01 
G1-S6 0.610 6.84E-02 9.41E-02 1.00E-01 4.47E-07 3.92E-01 3.20E-01 
G1-S8 0.572 7.64E-07 8.02E-10 9.21E-12 1.76E-11 4.52E-07 3.11E-02 
G1-S10 0.494 1.46E-10 1.34E-10 1.10E-10 1.65E-13 8.98E-03 5.35E-01 
G2-S2 0.436 2.32E-06 1.67E-10 2.05E-11 4.43E-01 2.66E-01 4.14E-01 
G2-S4 0.532 3.14E-04 2.84E-11 2.53E-11 2.29E-08 1.73E-09 3.64E-03 
G2-S6 0.468 5.67E-11 8.83E-12 6.29E-12 4.49E-14 3.50E-01 3.00E-01 
G2-S8 0.509 3.70E-02 6.64E-04 1.15E-05 4.31E-01 2.77E-01 2.12E-01 
G2-S10 0.439 7.98E-05 5.90E-10 5.54E-12 7.39E-04 3.31E-01 2.86E-01 
G3-S2 0.533 1.64E-04 8.09E-07 8.85E-07 6.41E-02 3.65E-01 4.84E-01 
G3-S4 0.500 7.95E-02 3.07E-02 4.21E-02 7.58E-03 1.77E-01 2.79E-01 
G3-S6 0.496 1.58E-12 7.68E-13 6.43E-13 1.23E-13 4.93E-02 3.59E-02 
G3-S8 0.522 5.08E-01 3.20E-01 2.18E-01 5.86E-11 1.27E-01 4.21E-02 
G3-S10 0.537 1.57E-05 4.33E-11 5.04E-13 5.52E-04 3.80E-09 7.92E-02 
G4-S2 0.380 1.92E-05 3.02E-08 5.70E-10 2.43E-03 4.04E-10 7.42E-08 
G4-S4 0.550 2.56E-01 2.70E-07 5.09E-07 1.50E-02 2.67E-12 2.28E-07 
G4-S6 0.517 2.48E-01 5.27E-02 2.25E-02 6.94E-14 1.99E-01 2.12E-01 
G4-S8 0.571 1.72E-01 7.23E-02 5.30E-02 4.32E-12 3.74E-02 5.38E-02 
G4-S10 0.533 4.68E-01 2.65E-01 2.10E-01 2.28E-04 5.26E-02 2.55E-01 
G5-S2 0.553 1.80E-02 9.88E-05 2.89E-05 1.25E-12 3.67E-01 1.33E-03 
G5-S6 0.418 8.61E-04 7.72E-08 2.52E-09 3.63E-01 2.39E-05 4.55E-03 
G5-S8 0.558 3.11E-01 5.57E-01 3.89E-01 1.46E-01 4.14E-11 4.83E-01 
G5-S10 0.443 2.98E-01 4.06E-01 2.83E-01 2.62E-12 2.49E-01 2.79E-01 
G6-S2 0.426 3.67E-04 7.61E-03 1.56E-01 2.65E-01 1.57E-11 1.89E-02 
G6-S4 0.472 3.14E-01 3.79E-01 4.34E-01 2.38E-08 9.61E-03 2.48E-01 
G6-S6 0.433 4.21E-03 1.88E-04 8.48E-05 4.00E-02 4.45E-01 1.14E-01 












Table A3 - 44. Percentage of damage runs with detected damage at each station for Trial 22. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 60 100 100 5 100 0 
G1-S6 0 25 30 15 100 0 0 
G1-S8 0 100 100 100 100 100 40 
G1-S10 0 100 100 100 100 70 0 
G2-S2 0 100 100 100 5 0 5 
G2-S4 0 90 100 100 100 100 85 
G2-S6 0 100 100 100 100 5 5 
G2-S8 0 55 85 100 5 5 5 
G2-S10 0 95 100 100 75 5 0 
G3-S2 0 95 100 100 15 0 0 
G3-S4 0 20 60 70 85 25 5 
G3-S6 0 100 100 100 100 35 15 
G3-S8 0 0 5 5 100 35 30 
G3-S10 0 100 100 100 85 100 35 
G4-S2 0 100 100 100 70 100 100 
G4-S4 0 0 100 100 75 100 100 
G4-S6 0 5 35 40 100 10 15 
G4-S8 0 20 35 60 100 55 60 
G4-S10 0 0 10 5 95 60 5 
G5-S2 0 65 95 100 100 5 90 
G5-S6 0 80 100 100 5 100 70 
G5-S8 0 0 0 0 10 100 0 
G5-S10 0 0 0 5 100 5 0 
G6-S2 0 90 80 25 10 100 55 
G6-S4 0 0 0 0 100 65 15 
G6-S6 0 70 95 100 30 10 45 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.549 2.21E-03 5.77E-07 2.03E-08 4.83E-01 8.41E-07 4.81E-01 
G1-S6 0.544 4.54E-02 8.86E-03 2.33E-03 1.01E-06 4.30E-01 2.54E-01 
G1-S8 0.577 4.77E-01 4.40E-01 4.40E-01 4.28E-08 2.13E-04 6.79E-02 
G1-S10 0.565 1.25E-10 8.75E-11 7.63E-11 8.92E-09 5.63E-02 6.48E-01 
G2-S2 0.467 1.04E-04 2.35E-09 1.29E-10 4.06E-01 4.43E-01 2.61E-01 
G2-S4 0.493 1.51E-04 3.79E-11 5.86E-13 3.46E-03 3.13E-10 1.39E-09 
G2-S6 0.460 1.39E-10 1.43E-11 9.05E-12 4.74E-14 2.78E-01 3.13E-01 
G2-S8 0.537 1.06E-01 1.56E-02 2.53E-03 4.31E-01 4.14E-01 1.35E-01 
G2-S10 0.459 1.53E-02 1.41E-06 2.46E-09 2.61E-06 2.17E-01 2.50E-01 
G3-S2 0.439 2.55E-04 1.36E-06 2.30E-06 5.36E-02 3.76E-01 4.38E-01 
G3-S4 0.409 1.54E-01 2.92E-04 2.98E-07 1.38E-01 2.43E-01 1.29E-03 
G3-S6 0.623 3.35E-11 6.37E-12 3.80E-12 6.02E-13 9.81E-02 2.11E-02 
G3-S8 0.494 5.13E-01 2.23E-01 2.31E-01 9.65E-08 3.21E-01 2.54E-01 
G3-S10 0.517 7.07E-04 8.85E-09 9.05E-11 1.66E-05 1.03E-07 2.27E-02 
G4-S2 0.432 2.43E-04 1.27E-06 1.48E-08 4.40E-02 3.43E-11 1.17E-07 
G4-S4 0.513 3.36E-01 3.41E-06 3.03E-06 3.04E-02 1.23E-04 2.58E-05 
G4-S6 0.426 3.18E-01 1.17E-01 5.86E-02 5.55E-14 2.95E-01 1.74E-01 
G4-S8 0.608 2.78E-01 6.08E-02 1.11E-02 6.53E-03 1.65E-03 1.20E-01 
G4-S10 0.508 3.82E-01 5.29E-01 5.97E-01 1.39E-04 3.99E-02 1.40E-01 
G5-S2 0.501 7.88E-03 8.42E-05 2.69E-05 2.25E-13 4.04E-01 1.34E-03 
G5-S6 0.478 8.36E-03 2.91E-06 2.76E-08 4.03E-01 4.90E-05 1.18E-02 
G5-S8 0.518 3.93E-01 6.07E-01 2.47E-01 3.62E-01 1.47E-02 4.22E-01 
G5-S10 0.430 3.23E-01 3.33E-03 1.35E-07 2.41E-02 1.18E-01 1.20E-01 
G6-S2 0.442 3.11E-05 4.43E-03 5.73E-02 3.54E-03 3.45E-11 2.41E-03 
G6-S4 0.483 3.36E-01 4.60E-01 4.54E-01 1.38E-03 1.66E-01 3.25E-01 
G6-S6 0.519 5.72E-03 1.55E-03 1.49E-03 9.48E-04 3.24E-01 4.23E-02 












Table A3 - 46. Percentage of damage runs with detected damage at each station for Trial 23. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 70 100 100 5 100 0 
G1-S6 0 60 75 85 100 0 10 
G1-S8 0 0 0 0 100 90 5 
G1-S10 0 100 100 100 100 35 0 
G2-S2 0 95 100 100 0 0 5 
G2-S4 0 95 100 100 75 100 100 
G2-S6 0 100 100 100 100 5 5 
G2-S8 0 25 65 85 5 0 10 
G2-S10 0 80 100 100 100 20 0 
G3-S2 0 95 100 100 25 0 0 
G3-S4 0 5 95 100 20 25 85 
G3-S6 0 100 100 100 100 20 20 
G3-S8 0 0 0 0 100 10 0 
G3-S10 0 85 100 100 100 100 60 
G4-S2 0 90 100 100 40 100 100 
G4-S4 0 0 100 100 45 95 100 
G4-S6 0 0 25 35 100 5 25 
G4-S8 0 5 40 60 90 95 25 
G4-S10 0 0 0 5 95 40 15 
G5-S2 0 65 95 100 100 5 85 
G5-S6 0 40 100 100 0 100 55 
G5-S8 0 0 0 0 0 80 0 
G5-S10 0 5 80 100 70 20 35 
G6-S2 0 100 90 50 80 100 90 
G6-S4 0 0 0 0 75 35 5 
G6-S6 0 80 90 90 90 10 30 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.536 1.96E-03 7.46E-07 4.60E-08 3.03E-01 4.23E-07 5.38E-01 
G1-S6 0.497 2.34E-02 1.11E-02 8.40E-03 4.24E-01 3.93E-01 1.49E-01 
G1-S8 0.562 3.63E-02 3.64E-02 2.99E-02 1.37E-06 1.47E-02 9.49E-02 
G1-S10 0.574 1.24E-10 9.44E-11 7.72E-11 6.92E-09 5.62E-02 6.20E-01 
G2-S2 0.422 2.73E-04 6.99E-08 7.14E-09 3.94E-01 4.40E-01 2.44E-01 
G2-S4 0.518 8.52E-05 1.03E-13 7.73E-13 6.44E-06 4.14E-02 4.24E-13 
G2-S6 0.445 9.23E-10 5.88E-11 1.36E-10 4.69E-14 2.50E-01 2.72E-01 
G2-S8 0.516 8.30E-02 5.28E-03 2.79E-04 3.94E-01 4.29E-01 1.20E-01 
G2-S10 0.504 2.15E-02 1.14E-05 6.98E-08 1.24E-03 4.26E-01 3.24E-01 
G3-S2 0.466 8.16E-04 8.93E-07 2.60E-08 1.17E-01 4.10E-01 5.09E-01 
G3-S4 0.441 1.66E-01 6.79E-02 2.73E-01 1.65E-01 2.00E-01 6.91E-02 
G3-S6 0.593 9.44E-09 1.15E-10 1.83E-11 1.52E-09 1.38E-01 4.17E-02 
G3-S8 0.459 4.88E-01 2.49E-01 1.78E-01 5.65E-04 1.53E-01 1.56E-01 
G3-S10 0.536 2.34E-03 5.57E-08 1.51E-10 7.07E-06 1.51E-07 1.24E-02 
G4-S2 0.452 9.47E-04 7.18E-06 7.88E-08 7.73E-02 3.40E-11 8.89E-08 
G4-S4 0.466 3.63E-01 3.93E-04 4.31E-04 1.85E-01 4.68E-01 2.39E-03 
G4-S6 0.437 2.96E-01 1.47E-01 8.30E-02 4.18E-13 3.47E-01 1.66E-01 
G4-S8 0.610 2.50E-01 4.64E-02 6.49E-03 1.69E-01 1.51E-01 1.83E-01 
G4-S10 0.527 2.98E-01 4.75E-01 5.49E-01 7.43E-04 7.83E-02 1.32E-01 
G5-S2 0.519 8.41E-03 7.19E-05 2.23E-05 4.34E-13 4.33E-01 1.04E-03 
G5-S6 0.465 3.86E-02 2.17E-05 2.92E-07 2.23E-01 1.31E-03 2.78E-02 
G5-S8 0.518 4.54E-01 5.20E-01 4.27E-01 3.63E-01 6.45E-03 4.75E-01 
G5-S10 0.510 2.94E-01 4.20E-09 4.10E-10 3.11E-01 1.66E-01 1.32E-03 
G6-S2 0.427 5.37E-05 5.51E-03 7.30E-02 1.70E-02 4.40E-11 2.97E-03 
G6-S4 0.478 3.06E-01 4.22E-01 4.56E-01 7.30E-07 1.77E-02 2.29E-01 
G6-S6 0.575 1.05E-02 2.56E-03 2.42E-03 3.55E-04 3.06E-01 3.98E-02 












Table A3 - 48. Percentage of damage runs with detected damage at each station for Trial 24. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 70 100 100 5 100 0 
G1-S6 0 60 65 70 5 0 10 
G1-S8 0 60 70 70 100 75 0 
G1-S10 0 100 100 100 100 35 0 
G2-S2 0 95 100 100 0 0 10 
G2-S4 0 100 100 100 100 45 100 
G2-S6 0 100 100 100 100 10 10 
G2-S8 0 50 70 95 5 0 10 
G2-S10 0 65 100 100 90 0 0 
G3-S2 0 80 100 100 25 0 0 
G3-S4 0 10 50 5 20 20 40 
G3-S6 0 100 100 100 100 15 30 
G3-S8 0 0 0 5 95 20 15 
G3-S10 0 75 100 100 100 100 70 
G4-S2 0 85 100 100 30 100 100 
G4-S4 0 0 90 95 10 10 75 
G4-S6 0 0 10 25 100 0 20 
G4-S8 0 5 40 75 10 40 25 
G4-S10 0 0 0 0 95 30 15 
G5-S2 0 50 100 100 100 5 85 
G5-S6 0 35 100 100 0 85 35 
G5-S8 0 0 0 0 0 75 0 
G5-S10 0 0 100 100 5 40 95 
G6-S2 0 100 85 30 65 100 85 
G6-S4 0 0 0 0 100 60 20 
G6-S6 0 80 85 85 90 10 25 
G6-S8 0 0 0 0 35 0 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.544 1.21E-01 1.35E-02 1.44E-04 2.88E-01 1.11E-03 4.90E-02 
G1-S6 0.513 3.31E-01 2.01E-01 1.38E-01 1.73E-11 3.58E-01 1.61E-01 
G1-S8 0.528 4.56E-01 4.30E-01 3.95E-01 2.14E-08 4.26E-04 4.36E-01 
G1-S10 0.393 8.64E-06 4.88E-08 2.45E-09 3.07E-03 2.53E-01 4.43E-01 
G2-S2 0.537 5.81E-03 3.35E-04 2.86E-05 1.43E-06 9.13E-13 3.37E-01 
G2-S4 0.493 3.61E-07 8.54E-12 5.25E-12 7.73E-03 1.98E-03 2.76E-08 
G2-S6 0.461 3.21E-08 1.64E-10 1.42E-11 4.57E-14 3.61E-01 3.83E-01 
G2-S8 0.403 6.44E-02 2.02E-01 3.60E-01 4.75E-07 4.79E-01 3.64E-01 
G2-S10 0.348 1.95E-02 1.44E-04 9.19E-07 3.47E-01 2.88E-01 5.25E-02 
G3-S2 0.464 1.34E-02 3.28E-04 2.01E-05 6.49E-03 2.88E-01 3.68E-01 
G3-S4 0.478 1.03E-04 2.61E-02 4.80E-02 1.24E-01 3.30E-03 1.40E-01 
G3-S6 0.386 6.36E-07 4.50E-08 4.76E-09 4.83E-14 6.08E-04 3.62E-01 
G3-S8 0.462 3.57E-02 4.88E-04 2.57E-05 1.44E-07 8.63E-06 4.18E-01 
G3-S10 0.498 3.59E-08 2.57E-12 3.18E-13 4.44E-05 1.60E-04 2.27E-01 
G4-S2 0.382 2.91E-02 7.93E-03 2.99E-03 7.03E-07 4.31E-01 4.93E-03 
G4-S4 0.575 2.78E-02 2.14E-12 1.75E-12 1.60E-12 5.70E-04 1.50E-12 
G4-S6 0.543 3.29E-01 1.19E-01 5.01E-02 5.18E-14 4.06E-02 2.17E-01 
G4-S8 0.558 2.12E-03 2.16E-08 5.38E-10 1.54E-11 3.20E-01 6.25E-06 
G4-S10 0.503 1.65E-01 4.10E-04 1.99E-05 9.23E-06 4.72E-03 3.17E-01 
G5-S2 0.447 1.51E-01 1.37E-02 3.07E-03 2.98E-05 1.68E-01 1.14E-02 
G5-S6 0.504 4.34E-02 1.09E-02 1.63E-03 1.13E-05 9.21E-02 2.77E-01 
G5-S8 0.509 4.84E-04 8.86E-08 2.08E-09 7.78E-02 2.77E-02 2.72E-08 
G5-S10 0.461 1.89E-01 1.56E-05 1.01E-06 2.20E-08 3.14E-01 7.16E-04 
G6-S2 0.350 3.95E-01 5.96E-02 3.26E-03 9.27E-02 1.28E-06 4.37E-01 
G6-S4 0.442 5.01E-01 5.09E-01 5.42E-01 6.15E-02 2.75E-02 1.03E-01 












Table A3 - 50. Percentage of damage runs with detected damage at each station for Trial 25. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 25 65 95 0 95 25 
G1-S6 0 0 0 10 100 0 20 
G1-S8 0 0 0 0 100 90 0 
G1-S10 0 100 100 100 85 0 0 
G2-S2 0 70 95 100 100 100 5 
G2-S4 0 100 100 100 75 90 100 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 40 20 0 100 0 0 
G2-S10 0 55 95 100 0 5 65 
G3-S2 0 75 85 100 55 0 0 
G3-S4 0 95 45 35 25 70 15 
G3-S6 0 100 100 100 100 85 10 
G3-S8 0 25 85 100 100 100 0 
G3-S10 0 100 100 100 100 90 15 
G4-S2 0 70 95 95 100 5 95 
G4-S4 0 30 100 100 100 85 100 
G4-S6 0 0 10 40 100 45 10 
G4-S8 0 70 100 100 100 5 100 
G4-S10 0 5 85 100 100 75 5 
G5-S2 0 20 80 85 100 15 80 
G5-S6 0 35 80 80 100 25 5 
G5-S8 0 85 100 100 20 25 100 
G5-S10 0 10 100 100 100 5 80 
G6-S2 0 0 45 80 30 100 0 
G6-S4 0 0 0 0 35 50 20 
G6-S6 0 15 70 70 95 100 30 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.474 4.87E-01 1.65E-01 8.81E-02 7.66E-04 2.86E-02 4.14E-01 
G1-S6 0.569 1.50E-01 1.54E-01 6.98E-02 3.18E-12 1.46E-01 2.88E-01 
G1-S8 0.520 3.90E-02 1.33E-02 1.02E-02 2.62E-03 2.85E-05 1.37E-01 
G1-S10 0.589 2.30E-10 1.41E-10 9.44E-11 2.26E-13 1.18E-06 4.02E-01 
G2-S2 0.567 7.08E-03 4.43E-05 1.35E-05 3.48E-01 3.07E-01 4.69E-02 
G2-S4 0.490 1.73E-04 9.53E-06 3.92E-08 1.20E-01 3.21E-02 5.33E-03 
G2-S6 0.412 2.68E-10 1.10E-11 4.86E-12 4.63E-14 2.95E-01 2.54E-01 
G2-S8 0.536 8.54E-03 1.03E-05 5.19E-07 2.86E-01 1.16E-03 5.04E-01 
G2-S10 0.425 5.86E-04 1.45E-06 1.32E-08 2.31E-02 3.55E-01 9.10E-02 
G3-S2 0.486 1.77E-03 1.76E-03 9.30E-03 1.29E-02 5.65E-01 3.32E-01 
G3-S4 0.414 2.61E-01 1.56E-01 2.65E-01 2.45E-08 2.11E-01 3.45E-01 
G3-S6 0.509 3.97E-07 9.66E-07 2.56E-04 5.13E-14 2.37E-02 1.74E-02 
G3-S8 0.514 4.91E-01 3.94E-01 2.29E-01 1.04E-05 1.36E-04 1.18E-01 
G3-S10 0.526 5.71E-05 4.84E-12 9.79E-13 1.18E-01 4.72E-09 1.86E-01 
G4-S2 0.452 1.45E-03 1.71E-05 1.24E-02 1.85E-01 4.37E-01 3.26E-07 
G4-S4 0.601 5.77E-02 1.79E-12 2.46E-12 1.71E-01 3.40E-01 1.80E-12 
G4-S6 0.442 3.26E-01 3.64E-01 4.73E-01 7.24E-14 3.76E-02 8.46E-02 
G4-S8 0.512 3.82E-02 9.78E-04 1.14E-05 6.92E-10 2.05E-01 3.34E-02 
G4-S10 0.509 1.62E-01 2.08E-02 1.61E-02 6.91E-03 3.48E-01 3.22E-01 
G5-S2 0.483 1.91E-01 1.91E-02 6.54E-03 9.49E-04 3.19E-01 1.58E-04 
G5-S6 0.509 3.90E-03 3.51E-06 5.45E-08 1.68E-10 3.48E-03 1.45E-03 
G5-S8 0.503 3.42E-01 3.72E-01 1.18E-01 4.98E-01 1.54E-08 9.00E-02 
G5-S10 0.522 2.88E-01 2.28E-01 2.21E-01 1.27E-12 8.62E-02 9.66E-02 
G6-S2 0.425 7.00E-02 1.77E-01 3.09E-01 1.80E-01 2.83E-12 5.05E-07 
G6-S4 0.460 4.09E-01 3.58E-01 3.81E-01 3.19E-01 1.84E-02 4.07E-01 












Table A3 - 52. Percentage of damage runs with detected damage at each station for Trial 26. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 0 10 55 85 60 0 
G1-S6 0 20 25 45 100 10 0 
G1-S8 0 60 75 75 95 100 15 
G1-S10 0 100 100 100 100 100 0 
G2-S2 0 85 100 100 5 10 30 
G2-S4 0 95 100 100 40 65 90 
G2-S6 0 100 100 100 100 0 15 
G2-S8 0 75 100 100 5 95 0 
G2-S10 0 90 100 100 75 20 35 
G3-S2 0 80 80 60 65 0 0 
G3-S4 0 10 20 10 100 5 10 
G3-S6 0 100 100 90 100 45 65 
G3-S8 0 0 0 5 100 95 40 
G3-S10 0 95 100 100 20 100 20 
G4-S2 0 85 100 55 20 5 100 
G4-S4 0 30 100 100 0 5 100 
G4-S6 0 5 5 5 100 40 25 
G4-S8 0 35 90 100 100 15 45 
G4-S10 0 5 55 55 55 5 5 
G5-S2 0 10 70 75 95 5 95 
G5-S6 0 65 100 100 100 70 85 
G5-S8 0 0 0 5 0 100 20 
G5-S10 0 0 15 15 100 15 45 
G6-S2 0 40 15 5 25 100 100 
G6-S4 0 0 0 0 10 45 0 
G6-S6 0 70 100 100 80 20 15 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.538 5.10E-03 6.05E-06 1.49E-07 1.90E-11 4.88E-08 3.78E-01 
G1-S6 0.557 7.07E-02 2.65E-01 3.97E-01 1.01E-13 3.90E-01 4.79E-01 
G1-S8 0.558 3.63E-01 3.64E-01 3.13E-01 2.09E-04 3.59E-06 4.08E-02 
G1-S10 0.532 2.11E-10 1.74E-10 1.55E-10 8.82E-14 4.00E-01 3.53E-01 
G2-S2 0.473 9.41E-05 1.76E-05 2.42E-05 3.84E-01 3.51E-01 3.14E-01 
G2-S4 0.491 6.84E-03 2.07E-02 1.93E-01 1.28E-01 1.68E-01 9.25E-03 
G2-S6 0.425 1.48E-08 1.56E-09 2.34E-09 5.39E-14 3.40E-01 2.80E-01 
G2-S8 0.490 1.86E-01 6.39E-02 1.74E-02 4.14E-02 1.19E-02 5.02E-01 
G2-S10 0.507 4.64E-06 8.60E-11 2.05E-12 1.53E-01 2.36E-07 4.13E-01 
G3-S2 0.578 5.74E-04 9.20E-05 1.06E-04 4.37E-01 5.25E-01 3.84E-01 
G3-S4 0.537 3.77E-01 3.69E-03 2.40E-07 3.53E-01 3.81E-01 2.07E-03 
G3-S6 0.433 1.53E-08 2.78E-08 1.70E-07 5.72E-13 3.83E-01 2.47E-02 
G3-S8 0.544 4.11E-01 4.05E-01 4.16E-01 5.14E-10 6.29E-03 7.53E-02 
G3-S10 0.484 9.12E-03 1.65E-06 9.05E-08 6.01E-02 1.21E-06 1.34E-01 
G4-S2 0.427 2.43E-04 3.60E-08 5.56E-10 4.83E-04 5.66E-10 1.70E-06 
G4-S4 0.469 8.97E-02 1.29E-01 6.95E-05 8.17E-02 4.13E-01 1.22E-01 
G4-S6 0.518 3.13E-01 3.18E-01 2.36E-01 5.20E-14 1.06E-01 3.27E-01 
G4-S8 0.527 1.12E-01 3.63E-02 1.26E-01 2.41E-03 4.89E-06 2.70E-01 
G4-S10 0.520 3.99E-01 4.84E-01 4.17E-01 3.84E-04 3.48E-01 3.42E-01 
G5-S2 0.536 9.81E-02 1.52E-03 5.01E-04 2.11E-12 3.05E-01 2.08E-03 
G5-S6 0.445 2.26E-02 8.07E-03 8.40E-03 2.28E-02 3.22E-04 2.18E-02 
G5-S8 0.380 1.38E-03 6.39E-08 2.82E-10 1.90E-05 6.54E-02 1.99E-02 
G5-S10 0.470 3.47E-01 8.99E-06 1.57E-09 1.28E-01 4.84E-04 5.02E-03 
G6-S2 0.457 2.24E-02 3.77E-01 2.12E-01 1.39E-01 4.80E-11 3.61E-01 
G6-S4 0.432 4.77E-01 4.40E-01 3.81E-01 5.22E-09 2.68E-01 9.85E-02 












Table A3 - 54. Percentage of damage runs with detected damage at each station for Trial 27. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 55 100 100 100 100 0 
G1-S6 0 10 5 0 100 0 0 
G1-S8 0 5 0 0 95 100 30 
G1-S10 0 100 100 100 100 5 0 
G2-S2 0 100 100 100 5 5 5 
G2-S4 0 85 90 20 30 30 90 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 0 35 50 55 70 0 
G2-S10 0 100 100 100 15 100 0 
G3-S2 0 75 100 95 5 0 0 
G3-S4 0 0 85 100 0 5 95 
G3-S6 0 100 100 100 100 0 35 
G3-S8 0 0 0 0 100 70 30 
G3-S10 0 60 100 100 70 100 15 
G4-S2 0 95 100 100 90 100 100 
G4-S4 0 25 60 100 35 10 60 
G4-S6 0 0 10 15 100 15 15 
G4-S8 0 0 35 25 90 100 10 
G4-S10 0 0 0 5 85 5 5 
G5-S2 0 20 80 85 100 0 85 
G5-S6 0 25 60 70 35 95 45 
G5-S8 0 85 100 100 100 45 65 
G5-S10 0 10 100 100 35 90 90 
G6-S2 0 70 5 10 40 100 0 
G6-S4 0 0 0 0 100 15 30 
G6-S6 0 80 100 100 100 30 5 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.492 1.26E-02 1.99E-04 1.69E-06 6.70E-07 2.18E-03 4.38E-01 
G1-S6 0.539 1.43E-01 2.71E-01 3.59E-01 2.40E-05 3.74E-01 4.23E-01 
G1-S8 0.530 3.76E-01 2.58E-01 2.11E-01 5.49E-08 1.14E-02 1.54E-03 
G1-S10 0.587 2.42E-10 1.87E-10 1.69E-10 1.25E-12 3.93E-01 5.00E-01 
G2-S2 0.515 1.15E-03 1.28E-04 4.74E-05 3.93E-01 9.61E-03 4.02E-01 
G2-S4 0.505 6.16E-03 3.65E-07 3.75E-07 1.17E-01 4.71E-01 2.42E-04 
G2-S6 0.405 6.82E-08 8.41E-09 2.76E-09 4.37E-14 3.67E-01 4.16E-01 
G2-S8 0.496 3.39E-01 1.27E-01 9.88E-02 3.91E-01 3.45E-01 3.82E-01 
G2-S10 0.458 1.38E-01 2.89E-03 5.38E-04 4.25E-01 3.07E-01 4.45E-01 
G3-S2 0.500 7.54E-04 1.03E-08 6.79E-11 2.50E-01 3.81E-01 3.36E-01 
G3-S4 0.526 3.54E-01 9.85E-02 7.92E-02 1.69E-01 3.55E-01 6.29E-03 
G3-S6 0.558 4.50E-08 4.68E-08 2.44E-08 5.75E-14 1.05E-01 1.10E-01 
G3-S8 0.524 4.95E-01 3.81E-01 4.54E-01 2.44E-01 7.21E-02 5.09E-01 
G3-S10 0.424 1.88E-01 2.37E-02 7.66E-03 2.67E-02 1.19E-01 1.43E-01 
G4-S2 0.462 5.60E-06 2.04E-08 2.52E-09 8.00E-02 6.58E-09 4.97E-08 
G4-S4 0.501 2.65E-01 3.43E-01 1.35E-01 3.41E-03 1.18E-01 2.68E-01 
G4-S6 0.460 2.09E-01 2.48E-01 3.60E-01 9.91E-14 2.51E-01 1.97E-01 
G4-S8 0.525 1.39E-01 1.94E-01 1.67E-01 5.45E-04 4.72E-02 2.64E-01 
G4-S10 0.476 4.37E-01 2.04E-01 2.19E-01 2.88E-01 2.32E-02 3.48E-01 
G5-S2 0.485 1.31E-01 1.47E-02 2.77E-03 3.88E-01 1.72E-03 1.29E-02 
G5-S6 0.546 3.50E-02 7.57E-03 3.19E-03 3.93E-01 5.94E-04 5.33E-02 
G5-S8 0.484 5.19E-01 3.45E-01 2.56E-01 2.65E-03 3.81E-01 3.65E-01 
G5-S10 0.469 2.63E-01 3.51E-01 3.30E-01 6.43E-13 3.61E-01 3.03E-01 
G6-S2 0.437 4.10E-04 1.92E-02 2.69E-01 1.43E-01 4.75E-10 2.99E-03 
G6-S4 0.444 4.78E-01 4.92E-01 4.49E-01 6.17E-02 4.66E-01 2.93E-01 












Table A3 - 56. Percentage of damage runs with detected damage at each station for Trial 28. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 30 90 100 100 85 0 
G1-S6 0 30 5 0 100 5 0 
G1-S8 0 0 5 15 100 75 65 
G1-S10 0 100 100 100 100 0 0 
G2-S2 0 80 95 100 5 45 0 
G2-S4 0 50 100 100 55 0 95 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 0 10 10 5 0 0 
G2-S10 0 5 70 90 0 0 0 
G3-S2 0 90 100 100 0 0 5 
G3-S4 0 0 35 30 15 5 70 
G3-S6 0 100 100 100 100 25 0 
G3-S8 0 0 5 5 10 30 0 
G3-S10 0 10 65 85 80 30 5 
G4-S2 0 100 100 100 35 100 100 
G4-S4 0 10 0 35 65 35 10 
G4-S6 0 15 5 0 100 10 15 
G4-S8 0 10 15 20 95 75 0 
G4-S10 0 0 0 0 10 70 5 
G5-S2 0 10 70 75 10 95 60 
G5-S6 0 40 70 85 0 90 30 
G5-S8 0 0 5 10 75 0 0 
G5-S10 0 5 10 0 100 0 0 
G6-S2 0 95 40 5 45 100 70 
G6-S4 0 0 0 0 30 5 0 
G6-S6 0 80 100 100 80 10 10 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.607 2.23E-01 1.85E-01 1.29E-01 6.13E-03 2.28E-10 2.51E-01 
G1-S6 0.523 5.86E-02 4.98E-02 3.71E-02 1.15E-09 7.95E-02 4.80E-02 
G1-S8 0.564 8.87E-02 3.87E-02 1.37E-02 1.22E-08 4.73E-01 2.46E-01 
G1-S10 0.412 2.84E-08 1.38E-10 4.76E-11 3.74E-01 2.29E-01 4.49E-01 
G2-S2 0.452 1.04E-02 6.39E-05 1.36E-06 8.95E-08 4.50E-08 3.42E-01 
G2-S4 0.460 8.82E-07 2.07E-12 2.00E-12 4.87E-08 3.69E-01 1.40E-11 
G2-S6 0.489 1.78E-10 1.32E-11 6.41E-12 4.60E-14 3.59E-01 3.73E-01 
G2-S8 0.518 4.10E-02 2.64E-02 1.74E-02 6.56E-09 1.07E-03 2.58E-01 
G2-S10 0.445 8.04E-04 1.04E-06 2.09E-08 9.44E-07 9.43E-02 3.71E-01 
G3-S2 0.496 7.65E-03 1.90E-05 2.96E-08 1.75E-01 4.05E-01 4.34E-01 
G3-S4 0.463 1.06E-04 2.97E-01 3.01E-01 8.36E-03 4.66E-07 4.47E-01 
G3-S6 0.417 4.61E-10 7.36E-11 2.80E-11 5.13E-14 1.37E-03 3.06E-01 
G3-S8 0.453 4.97E-02 8.78E-04 1.56E-05 4.45E-08 4.89E-01 3.62E-01 
G3-S10 0.441 7.68E-07 8.08E-12 1.23E-12 3.09E-01 2.24E-04 3.66E-01 
G4-S2 0.496 3.82E-02 2.27E-02 1.01E-02 7.00E-08 2.09E-01 1.03E-02 
G4-S4 0.551 2.20E-02 1.68E-12 1.79E-12 3.77E-02 3.29E-01 1.30E-12 
G4-S6 0.530 5.06E-01 4.12E-01 2.72E-01 1.64E-12 3.59E-01 3.07E-01 
G4-S8 0.457 3.27E-01 1.74E-02 3.96E-04 1.58E-10 3.25E-01 2.38E-05 
G4-S10 0.478 3.38E-01 5.30E-02 8.07E-03 8.05E-02 3.55E-01 2.54E-01 
G5-S2 0.504 2.10E-01 2.04E-02 9.04E-03 4.10E-10 1.88E-01 2.07E-03 
G5-S6 0.547 9.29E-03 3.52E-04 8.94E-06 1.43E-08 4.46E-02 1.36E-01 
G5-S8 0.449 1.67E-02 1.66E-05 7.08E-08 5.98E-05 3.53E-01 2.15E-07 
G5-S10 0.494 2.81E-01 1.09E-01 1.17E-01 7.35E-11 2.73E-01 6.82E-02 
G6-S2 0.351 9.13E-02 2.16E-01 3.69E-01 3.53E-01 2.83E-11 1.14E-03 
G6-S4 0.427 4.54E-01 2.81E-01 1.75E-01 8.49E-09 2.73E-09 2.50E-03 












Table A3 - 58. Percentage of damage runs with detected damage at each station for Trial 29. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 5 10 20 80 100 5 
G1-S6 0 10 15 40 100 15 30 
G1-S8 0 15 25 45 100 0 0 
G1-S10 0 100 100 100 0 10 0 
G2-S2 0 70 95 100 100 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 40 50 55 100 90 0 
G2-S10 0 95 100 100 100 35 10 
G3-S2 0 70 100 100 15 0 0 
G3-S4 0 95 10 10 75 100 0 
G3-S6 0 100 100 100 100 70 5 
G3-S8 0 35 80 100 100 0 0 
G3-S10 0 100 100 100 0 95 5 
G4-S2 0 40 95 95 100 15 95 
G4-S4 0 30 100 100 30 5 100 
G4-S6 0 0 0 5 100 0 5 
G4-S8 0 0 55 90 100 5 100 
G4-S10 0 5 40 70 25 0 10 
G5-S2 0 5 55 65 100 15 80 
G5-S6 0 70 90 100 100 40 15 
G5-S8 0 45 100 100 95 0 100 
G5-S10 0 0 35 35 100 10 40 
G6-S2 0 50 5 5 10 100 85 
G6-S4 0 0 0 5 100 100 85 
G6-S6 0 10 35 50 100 95 10 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.532 4.89E-02 9.42E-05 9.29E-08 3.86E-01 1.30E-10 3.34E-01 
G1-S6 0.522 9.26E-02 1.00E-01 7.87E-02 3.03E-12 2.07E-01 6.38E-02 
G1-S8 0.538 7.73E-06 9.75E-09 1.86E-10 9.65E-12 7.23E-03 2.53E-01 
G1-S10 0.528 1.52E-10 1.44E-10 1.42E-10 2.36E-13 1.31E-01 4.45E-01 
G2-S2 0.457 4.08E-05 1.47E-07 2.48E-07 3.40E-06 4.97E-01 4.99E-01 
G2-S4 0.462 2.17E-01 2.56E-02 2.83E-02 4.06E-10 2.41E-03 2.93E-01 
G2-S6 0.441 6.41E-12 3.54E-12 2.91E-12 4.68E-14 2.70E-01 3.42E-01 
G2-S8 0.488 7.74E-03 3.51E-05 1.37E-07 9.82E-03 5.84E-02 4.42E-01 
G2-S10 0.469 3.77E-04 1.68E-08 1.27E-10 4.15E-01 3.35E-01 4.83E-01 
G3-S2 0.420 3.98E-04 1.81E-06 2.62E-06 6.63E-03 3.36E-01 4.24E-01 
G3-S4 0.503 2.58E-02 2.06E-01 4.19E-01 3.74E-01 2.29E-03 4.10E-01 
G3-S6 0.417 1.29E-11 7.68E-12 1.17E-11 4.54E-14 3.55E-01 7.75E-02 
G3-S8 0.463 3.72E-01 1.78E-01 4.99E-02 1.92E-12 2.18E-05 1.35E-02 
G3-S10 0.516 1.57E-07 2.18E-12 4.34E-13 2.12E-01 1.28E-07 2.91E-01 
G4-S2 0.388 1.57E-04 1.14E-07 1.34E-09 8.31E-03 7.11E-10 8.05E-07 
G4-S4 0.498 6.36E-02 2.58E-12 3.22E-12 4.13E-06 3.68E-01 1.96E-12 
G4-S6 0.522 3.45E-01 3.51E-01 4.56E-01 4.80E-14 1.01E-01 1.15E-01 
G4-S8 0.520 1.08E-02 7.86E-06 5.65E-08 7.87E-13 1.18E-01 3.81E-03 
G4-S10 0.516 4.16E-01 3.10E-02 2.16E-03 1.45E-01 1.63E-03 3.00E-01 
G5-S2 0.529 9.15E-02 3.54E-04 2.21E-05 1.23E-12 3.29E-01 9.34E-04 
G5-S6 0.525 4.90E-05 1.42E-08 1.08E-09 3.81E-01 1.45E-03 4.05E-03 
G5-S8 0.531 1.19E-02 2.42E-03 4.89E-03 4.07E-01 3.54E-01 4.90E-03 
G5-S10 0.411 3.18E-01 2.53E-01 2.46E-01 4.50E-13 3.19E-01 2.15E-01 
G6-S2 0.484 9.37E-03 8.87E-02 1.58E-01 3.66E-01 1.22E-12 1.04E-03 
G6-S4 0.500 2.89E-01 4.79E-01 4.77E-01 9.92E-11 4.19E-02 3.79E-02 












Table A3 - 60. Percentage of damage runs with detected damage at each station for Trial 30. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 25 100 100 0 100 5 
G1-S6 0 20 20 25 100 5 20 
G1-S8 0 100 100 100 100 65 0 
G1-S10 0 100 100 100 100 0 5 
G2-S2 0 100 100 100 100 0 0 
G2-S4 0 5 55 55 100 90 5 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 75 100 100 75 30 0 
G2-S10 0 95 100 100 0 10 10 
G3-S2 0 90 100 100 70 0 0 
G3-S4 0 40 0 5 0 65 0 
G3-S6 0 100 100 100 100 0 15 
G3-S8 0 0 5 40 100 100 45 
G3-S10 0 100 100 100 5 100 10 
G4-S2 0 95 100 100 50 100 100 
G4-S4 0 30 100 100 100 15 100 
G4-S6 0 5 5 0 100 35 30 
G4-S8 0 55 100 100 100 35 65 
G4-S10 0 5 25 60 10 85 5 
G5-S2 0 25 90 100 100 5 90 
G5-S6 0 100 100 100 5 95 55 
G5-S8 0 30 60 70 0 5 65 
G5-S10 0 0 5 0 100 5 15 
G6-S2 0 75 60 5 0 100 90 
G6-S4 0 0 0 0 100 45 40 
G6-S6 0 80 100 100 0 0 35 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.527 1.55E-02 4.14E-06 8.97E-08 3.90E-01 1.70E-10 4.47E-01 
G1-S6 0.550 1.18E-01 1.48E-01 1.46E-01 2.38E-12 3.20E-01 1.95E-01 
G1-S8 0.544 4.01E-01 3.63E-01 3.58E-01 9.60E-12 3.82E-06 2.48E-02 
G1-S10 0.553 1.50E-10 1.44E-10 1.34E-10 1.04E-13 6.89E-02 5.25E-01 
G2-S2 0.453 4.97E-06 1.32E-09 1.05E-09 1.53E-01 1.13E-01 4.13E-01 
G2-S4 0.469 3.95E-04 1.08E-10 1.20E-11 2.26E-05 3.35E-01 3.82E-07 
G2-S6 0.457 1.50E-11 4.80E-12 3.31E-12 4.57E-14 3.05E-01 3.32E-01 
G2-S8 0.515 3.45E-02 2.02E-04 2.34E-06 2.95E-01 3.78E-01 4.20E-01 
G2-S10 0.436 2.72E-04 1.70E-08 8.03E-09 2.80E-01 4.21E-01 4.03E-01 
G3-S2 0.483 9.15E-05 2.55E-08 2.62E-10 2.11E-02 3.86E-01 3.70E-01 
G3-S4 0.498 1.95E-01 2.55E-09 1.97E-08 3.49E-01 3.08E-01 5.96E-05 
G3-S6 0.555 3.54E-12 2.43E-12 3.03E-12 4.44E-14 4.60E-02 1.91E-02 
G3-S8 0.490 5.06E-01 2.88E-01 2.04E-01 2.92E-12 3.75E-07 2.85E-02 
G3-S10 0.458 8.14E-07 5.63E-12 4.24E-13 1.74E-04 7.10E-09 1.85E-01 
G4-S2 0.393 1.64E-06 4.05E-09 1.73E-10 1.07E-04 2.77E-11 3.91E-08 
G4-S4 0.535 1.50E-01 1.80E-08 1.91E-08 1.12E-01 1.30E-04 3.04E-07 
G4-S6 0.550 3.91E-01 3.65E-01 3.75E-01 5.67E-14 1.07E-01 1.07E-01 
G4-S8 0.564 7.20E-02 2.88E-02 3.61E-03 1.07E-13 3.12E-01 5.05E-02 
G4-S10 0.483 4.79E-01 2.58E-01 2.15E-01 7.52E-04 1.77E-04 2.90E-01 
G5-S2 0.532 2.70E-02 5.87E-05 1.08E-05 3.59E-13 3.69E-01 6.94E-04 
G5-S6 0.466 5.47E-04 4.55E-08 1.34E-09 3.63E-02 3.82E-05 1.94E-03 
G5-S8 0.599 4.73E-02 7.42E-02 2.38E-01 2.72E-02 3.09E-01 1.31E-01 
G5-S10 0.397 3.22E-01 2.68E-01 2.70E-01 1.33E-13 3.18E-01 2.11E-01 
G6-S2 0.401 2.67E-03 5.45E-02 2.89E-01 4.02E-01 1.17E-11 1.17E-01 
G6-S4 0.472 2.21E-01 4.15E-01 4.21E-01 3.77E-08 2.61E-01 3.82E-01 












Table A3 - 62. Percentage of damage runs with detected damage at each station for Trial 31. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 30 100 100 5 100 0 
G1-S6 0 20 25 35 100 0 0 
G1-S8 0 0 5 5 100 100 30 
G1-S10 0 100 100 100 100 40 0 
G2-S2 0 100 100 100 25 45 10 
G2-S4 0 95 100 100 100 5 100 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 70 95 100 5 5 0 
G2-S10 0 95 100 100 0 5 5 
G3-S2 0 100 100 100 50 0 0 
G3-S4 0 10 100 100 10 5 100 
G3-S6 0 100 100 100 100 25 30 
G3-S8 0 0 0 5 100 100 45 
G3-S10 0 100 100 100 95 100 20 
G4-S2 0 100 100 100 95 100 100 
G4-S4 0 5 100 100 20 95 100 
G4-S6 0 5 5 5 100 15 15 
G4-S8 0 30 65 80 100 10 50 
G4-S10 0 0 10 10 80 95 5 
G5-S2 0 45 100 100 100 5 90 
G5-S6 0 90 100 100 55 100 75 
G5-S8 0 10 5 5 40 5 5 
G5-S10 0 5 5 5 100 10 15 
G6-S2 0 90 55 0 5 100 25 
G6-S4 0 0 0 0 100 30 0 
G6-S6 0 85 100 100 100 5 45 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.520 3.37E-03 1.33E-06 5.85E-08 1.23E-02 1.36E-08 4.83E-01 
G1-S6 0.561 1.12E-01 2.51E-01 3.83E-01 1.53E-12 4.53E-01 2.66E-01 
G1-S8 0.555 3.93E-01 4.09E-01 4.59E-01 8.30E-12 5.33E-06 8.23E-02 
G1-S10 0.538 1.55E-10 1.45E-10 1.39E-10 4.33E-10 1.21E-01 5.86E-01 
G2-S2 0.438 9.93E-07 1.57E-09 3.00E-10 4.08E-01 3.45E-01 2.63E-01 
G2-S4 0.456 5.91E-05 6.69E-13 6.30E-13 1.79E-08 3.40E-01 2.54E-12 
G2-S6 0.465 9.23E-11 2.81E-11 1.61E-11 4.39E-14 2.97E-01 3.82E-01 
G2-S8 0.560 1.03E-01 1.16E-02 1.86E-03 3.73E-01 3.69E-01 3.53E-01 
G2-S10 0.466 1.26E-02 7.88E-06 3.76E-08 4.23E-02 4.04E-01 3.80E-01 
G3-S2 0.525 1.92E-04 1.60E-07 7.08E-09 3.71E-01 1.80E-01 4.19E-01 
G3-S4 0.429 2.04E-01 9.92E-04 1.40E-01 3.98E-03 1.43E-06 1.35E-02 
G3-S6 0.621 5.76E-11 3.89E-12 2.52E-12 4.49E-14 2.28E-01 2.95E-02 
G3-S8 0.452 3.91E-01 3.83E-01 3.66E-01 9.39E-10 4.45E-03 1.26E-01 
G3-S10 0.508 1.60E-04 9.99E-11 2.38E-12 1.86E-06 3.21E-07 9.45E-02 
G4-S2 0.438 2.99E-05 1.27E-07 3.57E-09 7.32E-03 1.05E-09 1.87E-08 
G4-S4 0.549 3.67E-01 3.41E-05 4.74E-05 1.21E-01 1.32E-12 1.62E-03 
G4-S6 0.438 3.40E-01 2.97E-01 2.88E-01 4.11E-13 1.94E-01 1.75E-01 
G4-S8 0.577 3.55E-01 1.57E-01 7.65E-02 7.16E-04 5.26E-04 2.07E-01 
G4-S10 0.467 3.94E-01 5.03E-01 2.01E-01 2.39E-01 1.62E-01 1.54E-01 
G5-S2 0.536 1.14E-02 9.51E-05 2.07E-05 4.08E-13 6.56E-03 1.31E-03 
G5-S6 0.535 3.32E-02 1.20E-04 6.15E-07 2.93E-01 4.75E-06 9.16E-03 
G5-S8 0.544 1.58E-01 3.12E-01 5.46E-01 2.00E-01 2.62E-08 3.08E-01 
G5-S10 0.389 2.54E-01 5.45E-08 2.37E-11 1.64E-01 2.89E-01 5.18E-04 
G6-S2 0.405 1.24E-05 6.21E-03 1.08E-01 9.75E-02 7.41E-10 1.81E-02 
G6-S4 0.491 2.81E-01 4.59E-01 4.85E-01 4.77E-07 2.81E-01 3.92E-01 












Table A3 - 64. Percentage of damage runs with detected damage at each station for Trial 32. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 70 100 100 40 100 0 
G1-S6 0 20 0 0 100 0 0 
G1-S8 0 0 0 0 100 100 10 
G1-S10 0 100 100 100 100 25 0 
G2-S2 0 100 100 100 0 0 5 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 40 70 75 5 0 0 
G2-S10 0 75 100 100 55 0 0 
G3-S2 0 90 100 100 0 10 0 
G3-S4 0 5 85 30 80 100 40 
G3-S6 0 100 100 100 100 10 30 
G3-S8 0 5 0 0 100 85 15 
G3-S10 0 90 100 100 100 100 45 
G4-S2 0 100 100 100 85 100 100 
G4-S4 0 0 100 100 25 100 80 
G4-S6 0 5 5 5 100 10 20 
G4-S8 0 5 25 50 95 95 20 
G4-S10 0 0 0 5 5 15 15 
G5-S2 0 45 95 100 100 45 85 
G5-S6 0 25 95 100 5 100 55 
G5-S8 0 0 0 0 0 100 0 
G5-S10 0 5 100 100 35 15 85 
G6-S2 0 100 80 20 40 100 55 
G6-S4 0 0 0 0 100 5 0 
G6-S6 0 90 100 100 100 5 50 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.609 2.15E-01 1.66E-01 1.20E-01 5.27E-04 5.55E-10 2.15E-01 
G1-S6 0.480 2.65E-02 1.65E-02 8.67E-03 3.29E-10 1.04E-01 5.44E-02 
G1-S8 0.577 9.16E-02 3.94E-02 1.45E-02 4.47E-08 3.95E-01 1.88E-01 
G1-S10 0.412 1.00E-08 2.63E-11 6.24E-12 2.60E-01 2.60E-01 3.78E-01 
G2-S2 0.458 6.73E-03 1.40E-04 3.91E-05 1.69E-08 4.55E-08 3.71E-01 
G2-S4 0.498 6.43E-07 2.18E-12 2.67E-12 1.93E-06 3.24E-01 3.42E-11 
G2-S6 0.492 2.59E-10 1.53E-11 7.33E-12 4.58E-14 3.60E-01 3.81E-01 
G2-S8 0.513 2.58E-02 2.63E-02 2.50E-02 1.05E-09 1.67E-01 2.83E-01 
G2-S10 0.469 2.76E-04 5.67E-08 1.51E-08 1.15E-04 9.55E-02 4.85E-01 
G3-S2 0.515 9.95E-03 1.87E-05 1.87E-08 2.13E-01 3.99E-01 4.10E-01 
G3-S4 0.514 8.71E-05 6.67E-12 3.62E-12 9.16E-11 1.96E-08 3.86E-09 
G3-S6 0.440 2.55E-10 6.11E-11 2.42E-11 4.94E-14 5.85E-03 3.21E-01 
G3-S8 0.452 4.78E-02 6.88E-04 1.66E-05 1.85E-08 1.48E-03 3.85E-01 
G3-S10 0.425 2.01E-06 5.07E-12 6.26E-13 3.97E-01 5.61E-05 3.92E-01 
G4-S2 0.503 3.75E-02 5.10E-03 3.92E-04 5.79E-06 1.11E-01 4.39E-03 
G4-S4 0.573 1.12E-02 2.19E-12 2.36E-12 3.15E-02 3.29E-01 1.83E-12 
G4-S6 0.526 4.49E-01 5.00E-01 4.72E-01 6.64E-13 3.87E-01 1.93E-01 
G4-S8 0.474 2.84E-01 1.21E-02 1.54E-04 1.79E-10 3.37E-01 6.90E-05 
G4-S10 0.453 4.56E-01 4.02E-01 4.25E-01 2.81E-01 1.43E-01 2.80E-02 
G5-S2 0.528 2.18E-01 1.28E-02 4.47E-03 5.82E-11 2.04E-01 1.56E-03 
G5-S6 0.501 9.63E-03 2.56E-04 4.13E-06 2.18E-08 5.96E-02 1.36E-01 
G5-S8 0.441 1.87E-02 1.50E-05 4.14E-08 1.54E-03 3.50E-01 2.65E-07 
G5-S10 0.480 2.66E-01 1.22E-01 1.44E-01 1.06E-10 3.21E-01 4.95E-02 
G6-S2 0.362 9.68E-02 2.56E-01 3.28E-01 7.13E-02 9.13E-10 1.28E-02 
G6-S4 0.427 4.68E-01 3.22E-01 2.14E-01 1.07E-08 7.56E-09 3.09E-03 












Table A3 - 66. Percentage of damage runs with detected damage at each station for Trial 33. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 5 15 25 95 100 5 
G1-S6 0 35 50 55 100 20 30 
G1-S8 0 15 30 55 100 0 0 
G1-S10 0 100 100 100 0 5 0 
G2-S2 0 70 95 100 100 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 40 50 55 100 10 0 
G2-S10 0 95 100 100 95 40 0 
G3-S2 0 60 100 100 15 0 0 
G3-S4 0 95 100 100 100 100 100 
G3-S6 0 100 100 100 100 60 5 
G3-S8 0 35 80 100 100 85 0 
G3-S10 0 100 100 100 0 100 5 
G4-S2 0 70 95 95 100 20 95 
G4-S4 0 40 100 100 50 5 100 
G4-S6 0 0 0 0 100 0 15 
G4-S8 0 0 65 95 100 5 95 
G4-S10 0 0 0 0 0 15 30 
G5-S2 0 5 60 80 100 10 85 
G5-S6 0 65 90 100 100 35 15 
G5-S8 0 45 100 100 85 0 100 
G5-S10 0 0 30 15 100 5 40 
G6-S2 0 45 5 5 45 100 45 
G6-S4 0 0 0 5 100 100 80 
G6-S6 0 10 35 50 100 95 10 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.534 6.13E-02 6.58E-04 1.19E-06 3.93E-01 7.49E-11 3.69E-01 
G1-S6 0.513 7.44E-02 1.02E-01 1.09E-01 3.30E-12 2.86E-01 1.24E-01 
G1-S8 0.551 3.81E-01 4.08E-01 3.43E-01 1.49E-11 1.24E-01 1.71E-01 
G1-S10 0.443 1.63E-10 1.46E-10 1.43E-10 1.91E-13 1.75E-01 4.61E-01 
G2-S2 0.454 6.38E-05 3.75E-07 4.17E-07 1.87E-03 1.27E-01 5.43E-01 
G2-S4 0.477 7.42E-04 3.21E-09 2.08E-09 1.40E-09 2.05E-04 1.06E-04 
G2-S6 0.408 7.42E-12 4.10E-12 3.27E-12 4.60E-14 2.99E-01 3.17E-01 
G2-S8 0.465 9.69E-03 1.21E-05 1.45E-07 4.79E-04 4.55E-01 4.57E-01 
G2-S10 0.436 1.20E-04 1.68E-09 5.31E-11 3.69E-01 3.37E-01 3.85E-01 
G3-S2 0.443 4.62E-04 3.27E-07 6.80E-09 1.02E-02 3.42E-01 4.59E-01 
G3-S4 0.479 1.52E-02 4.12E-01 4.24E-01 4.10E-01 4.65E-06 4.23E-01 
G3-S6 0.451 7.13E-12 5.02E-12 5.36E-12 4.43E-14 2.53E-01 5.02E-02 
G3-S8 0.475 4.21E-01 2.21E-01 7.25E-02 1.87E-12 1.75E-05 5.64E-02 
G3-S10 0.512 6.29E-08 1.80E-12 3.39E-13 4.69E-01 3.63E-07 2.92E-01 
G4-S2 0.437 1.53E-05 1.53E-08 5.76E-10 4.50E-01 3.97E-10 1.20E-07 
G4-S4 0.539 5.08E-02 9.98E-12 8.50E-12 4.05E-06 1.90E-02 3.59E-12 
G4-S6 0.560 3.30E-01 3.54E-01 4.12E-01 4.71E-14 9.51E-02 1.14E-01 
G4-S8 0.554 3.75E-03 3.90E-07 8.94E-09 7.64E-13 3.71E-01 5.38E-05 
G4-S10 0.493 3.89E-01 4.55E-02 5.82E-03 3.12E-01 1.60E-03 2.94E-01 
G5-S2 0.528 1.18E-01 1.35E-03 8.62E-05 1.18E-12 3.16E-01 1.10E-03 
G5-S6 0.477 6.31E-05 1.15E-08 1.34E-09 3.09E-01 7.26E-04 1.95E-03 
G5-S8 0.494 1.03E-02 9.55E-04 5.68E-04 4.21E-01 5.07E-02 3.34E-03 
G5-S10 0.423 3.14E-01 2.53E-01 2.52E-01 1.29E-13 3.03E-01 2.12E-01 
G6-S2 0.430 1.15E-02 1.16E-01 1.92E-01 3.99E-01 8.38E-12 7.38E-03 
G6-S4 0.490 2.17E-01 4.06E-01 4.72E-01 9.49E-10 3.29E-01 1.95E-01 












Table A3 - 68. Percentage of damage runs with detected damage at each station for Trial 34. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 25 80 100 0 100 0 
G1-S6 0 25 25 25 100 0 15 
G1-S8 0 5 5 5 100 20 0 
G1-S10 0 100 100 100 100 15 0 
G2-S2 0 100 100 100 75 20 5 
G2-S4 0 95 100 100 100 95 95 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 80 100 100 95 0 0 
G2-S10 0 95 100 100 0 10 0 
G3-S2 0 90 100 100 70 0 0 
G3-S4 0 50 5 0 10 100 5 
G3-S6 0 100 100 100 100 5 15 
G3-S8 0 0 5 35 100 100 30 
G3-S10 0 100 100 100 0 100 10 
G4-S2 0 100 100 100 0 100 100 
G4-S4 0 30 100 100 100 50 100 
G4-S6 0 5 5 0 100 25 25 
G4-S8 0 70 100 100 100 0 100 
G4-S10 0 0 25 60 0 80 0 
G5-S2 0 10 85 95 100 5 90 
G5-S6 0 100 100 100 0 95 70 
G5-S8 0 35 70 85 0 30 60 
G5-S10 0 0 5 5 100 5 15 
G6-S2 5 75 45 0 0 100 60 
G6-S4 0 0 0 0 100 0 10 
G6-S6 0 80 100 100 95 5 35 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.503 1.68E-02 6.29E-06 1.28E-07 1.91E-01 1.23E-10 4.22E-01 
G1-S6 0.568 1.20E-01 1.59E-01 2.03E-01 1.40E-12 3.07E-01 1.51E-01 
G1-S8 0.556 7.42E-07 3.78E-09 8.87E-11 2.47E-11 1.27E-05 4.37E-02 
G1-S10 0.501 1.50E-10 1.47E-10 1.45E-10 1.28E-13 8.21E-02 5.24E-01 
G2-S2 0.474 1.69E-06 1.33E-08 9.58E-09 1.09E-01 2.26E-01 4.62E-01 
G2-S4 0.485 4.47E-05 2.59E-12 1.80E-12 1.75E-08 4.70E-05 6.13E-10 
G2-S6 0.442 7.13E-12 3.85E-12 3.03E-12 4.62E-14 3.04E-01 2.88E-01 
G2-S8 0.535 5.43E-02 8.03E-04 4.58E-06 4.27E-01 2.90E-01 3.70E-01 
G2-S10 0.438 2.74E-04 4.84E-09 6.36E-11 3.51E-01 3.30E-01 3.74E-01 
G3-S2 0.498 2.06E-04 6.74E-07 3.17E-07 2.89E-02 3.56E-01 5.29E-01 
G3-S4 0.485 9.38E-02 2.28E-01 4.75E-01 9.98E-02 6.55E-02 2.79E-01 
G3-S6 0.459 4.51E-12 2.74E-12 2.32E-12 4.44E-14 9.39E-02 2.50E-02 
G3-S8 0.475 4.85E-01 2.73E-01 2.44E-01 1.75E-12 7.58E-05 4.91E-02 
G3-S10 0.513 2.98E-06 6.37E-12 9.00E-13 1.40E-03 2.83E-07 1.28E-01 
G4-S2 0.427 2.28E-06 3.30E-09 1.06E-10 7.85E-03 1.54E-11 5.83E-08 
G4-S4 0.527 1.84E-02 1.44E-10 1.43E-10 1.24E-03 1.94E-03 4.75E-10 
G4-S6 0.502 3.41E-01 3.70E-01 3.32E-01 5.20E-14 1.34E-01 1.38E-01 
G4-S8 0.554 4.70E-02 3.83E-03 5.91E-05 2.06E-12 5.69E-02 3.30E-02 
G4-S10 0.519 4.79E-01 2.56E-01 2.05E-01 6.36E-02 1.50E-02 2.44E-01 
G5-S2 0.537 3.05E-02 9.97E-05 2.07E-05 1.18E-12 3.10E-01 1.23E-03 
G5-S6 0.430 7.26E-04 7.95E-08 2.18E-09 4.10E-01 2.34E-05 3.95E-03 
G5-S8 0.574 7.88E-02 1.63E-01 3.07E-01 9.80E-02 5.44E-11 3.54E-01 
G5-S10 0.421 3.17E-01 2.98E-01 3.05E-01 1.76E-12 2.50E-10 2.53E-01 
G6-S2 0.418 8.90E-04 1.54E-02 1.32E-01 4.44E-01 1.17E-11 4.24E-03 
G6-S4 0.470 1.79E-01 3.58E-01 4.05E-01 7.47E-08 3.63E-01 3.54E-01 












Table A3 - 70. Percentage of damage runs with detected damage at each station for Trial 35. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 30 100 100 15 100 5 
G1-S6 0 20 5 0 100 0 5 
G1-S8 0 100 100 100 100 100 15 
G1-S10 0 100 100 100 100 30 5 
G2-S2 0 100 100 100 15 5 0 
G2-S4 0 100 100 100 100 100 100 
G2-S6 0 100 100 100 100 0 10 
G2-S8 0 60 95 100 5 5 5 
G2-S10 0 95 100 100 5 5 0 
G3-S2 0 95 100 100 50 0 0 
G3-S4 0 15 10 0 40 55 5 
G3-S6 0 100 100 100 100 10 30 
G3-S8 0 0 0 0 100 100 45 
G3-S10 0 100 100 100 90 100 30 
G4-S2 0 100 100 100 70 100 100 
G4-S4 0 40 100 100 80 70 100 
G4-S6 0 5 5 5 100 15 20 
G4-S8 0 35 85 100 100 45 70 
G4-S10 0 0 10 10 30 55 10 
G5-S2 0 40 95 100 100 5 90 
G5-S6 0 90 100 100 0 100 65 
G5-S8 0 5 5 0 5 100 0 
G5-S10 0 0 0 0 100 100 0 
G6-S2 0 90 75 25 0 100 85 
G6-S4 0 0 0 0 100 0 0 
G6-S6 0 85 100 100 100 5 45 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.490 2.02E-03 9.05E-07 6.95E-08 6.01E-02 1.52E-08 4.74E-01 
G1-S6 0.522 1.24E-01 1.64E-01 1.44E-01 2.21E-12 4.04E-01 3.25E-01 
G1-S8 0.547 3.98E-01 3.99E-01 3.86E-01 9.18E-11 1.24E-04 7.22E-02 
G1-S10 0.562 1.52E-10 1.41E-10 1.30E-10 3.62E-13 2.16E-01 5.56E-01 
G2-S2 0.428 9.45E-06 1.45E-10 2.02E-11 3.56E-01 3.96E-01 3.49E-01 
G2-S4 0.471 4.36E-05 6.18E-13 6.02E-13 3.98E-05 3.53E-01 2.07E-12 
G2-S6 0.482 6.33E-11 1.46E-11 8.71E-12 4.38E-14 3.00E-01 3.42E-01 
G2-S8 0.525 1.00E-01 5.08E-02 2.12E-02 4.49E-01 3.75E-01 2.69E-01 
G2-S10 0.458 2.55E-02 1.81E-05 6.91E-08 4.62E-02 4.24E-01 3.50E-01 
G3-S2 0.523 1.21E-04 7.27E-08 3.38E-09 1.18E-01 2.59E-01 4.27E-01 
G3-S4 0.416 2.56E-01 2.47E-01 4.81E-01 6.86E-02 2.74E-01 3.29E-01 
G3-S6 0.608 1.51E-11 5.20E-12 3.36E-12 4.60E-14 2.19E-01 2.47E-02 
G3-S8 0.506 4.07E-01 3.91E-01 1.73E-01 6.26E-10 1.53E-03 2.86E-01 
G3-S10 0.522 1.87E-04 3.30E-10 1.75E-12 2.53E-07 6.35E-08 4.43E-02 
G4-S2 0.446 2.73E-05 1.20E-07 2.65E-09 1.27E-02 1.26E-10 8.83E-09 
G4-S4 0.543 3.46E-01 4.25E-05 1.73E-05 1.64E-01 4.00E-04 1.82E-03 
G4-S6 0.461 2.76E-01 1.70E-01 2.13E-01 6.57E-13 2.44E-01 1.74E-01 
G4-S8 0.587 2.84E-01 1.05E-01 2.45E-02 1.57E-02 1.30E-06 2.76E-01 
G4-S10 0.466 3.91E-01 5.10E-01 5.18E-01 3.27E-02 8.77E-02 2.25E-01 
G5-S2 0.526 1.04E-02 5.25E-05 1.78E-05 7.03E-13 2.39E-01 1.24E-03 
G5-S6 0.510 2.77E-02 6.34E-05 2.40E-07 2.74E-01 1.76E-05 9.43E-03 
G5-S8 0.535 2.36E-01 4.46E-01 5.66E-01 3.42E-02 1.40E-10 4.24E-01 
G5-S10 0.356 2.83E-01 5.40E-04 8.27E-04 1.33E-05 2.98E-01 8.87E-02 
G6-S2 0.403 1.71E-05 1.63E-03 5.23E-02 2.95E-01 3.28E-10 7.25E-04 
G6-S4 0.487 2.51E-01 4.36E-01 4.51E-01 2.45E-02 2.24E-01 4.00E-01 












Table A3 - 72. Percentage of damage runs with detected damage at each station for Trial 36. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 70 100 100 25 100 0 
G1-S6 0 30 20 25 100 0 0 
G1-S8 0 0 0 0 100 95 5 
G1-S10 0 100 100 100 100 5 0 
G2-S2 0 100 100 100 5 0 5 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 5 
G2-S8 0 5 55 60 5 0 5 
G2-S10 0 70 100 100 50 0 0 
G3-S2 0 95 100 100 5 0 0 
G3-S4 0 5 15 0 50 5 0 
G3-S6 0 100 100 100 100 0 25 
G3-S8 0 5 0 5 100 70 0 
G3-S10 0 90 100 100 100 100 50 
G4-S2 0 100 100 100 75 100 100 
G4-S4 0 5 100 100 10 85 85 
G4-S6 0 5 15 15 100 10 25 
G4-S8 0 5 30 55 70 100 5 
G4-S10 0 0 0 0 40 40 10 
G5-S2 0 35 100 100 100 15 85 
G5-S6 0 35 95 100 0 100 65 
G5-S8 0 0 0 0 85 100 0 
G5-S10 0 0 90 90 100 10 65 
G6-S2 0 100 85 55 15 100 90 
G6-S4 0 0 0 0 50 20 0 
G6-S6 0 85 100 100 100 5 45 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.555 1.87E-01 1.59E-02 7.22E-05 4.61E-01 4.68E-09 2.89E-01 
G1-S6 0.590 5.34E-01 3.76E-01 1.69E-01 2.07E-12 9.24E-02 9.70E-02 
G1-S8 0.500 1.68E-01 1.48E-01 1.04E-01 9.25E-09 1.22E-03 4.38E-01 
G1-S10 0.412 5.58E-07 1.46E-09 2.93E-10 2.90E-01 3.68E-01 3.72E-01 
G2-S2 0.543 3.09E-01 1.42E-01 5.72E-02 4.44E-01 9.10E-02 4.12E-01 
G2-S4 0.528 1.25E-04 1.02E-10 8.86E-11 3.11E-10 8.54E-05 2.93E-11 
G2-S6 0.515 1.63E-10 3.15E-11 1.38E-11 4.37E-14 4.44E-01 3.92E-01 
G2-S8 0.482 2.20E-01 1.16E-01 8.26E-02 1.33E-10 8.88E-09 1.94E-01 
G2-S10 0.483 1.76E-04 8.24E-06 4.89E-06 3.18E-01 4.63E-01 1.25E-01 
G3-S2 0.418 3.40E-03 2.16E-04 2.44E-04 3.53E-01 4.21E-01 5.11E-01 
G3-S4 0.545 1.07E-03 1.36E-06 4.50E-08 2.03E-01 5.52E-10 6.65E-02 
G3-S6 0.527 7.26E-11 5.48E-11 5.24E-11 5.88E-14 3.00E-02 4.56E-01 
G3-S8 0.444 4.26E-01 3.57E-01 2.20E-01 2.97E-11 1.57E-01 1.17E-03 
G3-S10 0.586 1.27E-06 2.63E-11 7.38E-13 2.78E-01 2.95E-01 5.59E-02 
G4-S2 0.417 4.06E-02 3.26E-03 6.95E-04 9.12E-04 4.03E-01 1.05E-03 
G4-S4 0.440 1.04E-02 5.57E-12 2.28E-12 2.50E-01 3.39E-01 3.26E-12 
G4-S6 0.515 1.46E-01 4.04E-01 3.96E-01 7.74E-13 2.76E-03 1.11E-01 
G4-S8 0.516 1.87E-01 4.92E-03 1.17E-04 7.91E-13 3.52E-01 8.90E-05 
G4-S10 0.459 3.35E-01 1.69E-01 1.97E-02 1.18E-01 4.25E-02 2.43E-01 
G5-S2 0.477 1.19E-01 6.23E-03 6.29E-04 1.13E-04 1.97E-01 1.39E-02 
G5-S6 0.498 3.76E-05 1.03E-08 1.89E-09 2.54E-06 8.64E-02 5.04E-03 
G5-S8 0.488 2.15E-03 2.70E-05 1.37E-05 5.56E-03 3.61E-01 4.74E-08 
G5-S10 0.588 5.84E-01 1.60E-04 4.48E-04 3.90E-01 3.26E-01 8.19E-05 
G6-S2 0.428 1.13E-01 2.35E-01 3.56E-01 3.41E-01 3.41E-12 1.99E-06 
G6-S4 0.473 1.24E-01 1.78E-02 4.89E-03 1.06E-09 2.48E-10 9.80E-04 












Table A3 - 74. Percentage of damage runs with detected damage at each station for Trial 37. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 15 45 100 0 100 5 
G1-S6 0 0 0 5 100 20 10 
G1-S8 0 10 10 20 100 80 0 
G1-S10 0 100 100 100 5 5 0 
G2-S2 0 0 10 45 5 35 0 
G2-S4 0 95 100 100 100 95 100 
G2-S6 0 100 100 100 100 5 5 
G2-S8 0 0 15 40 100 100 5 
G2-S10 0 95 100 100 5 5 5 
G3-S2 0 75 95 95 0 0 0 
G3-S4 0 95 100 100 10 100 20 
G3-S6 0 100 100 100 100 35 0 
G3-S8 0 0 0 15 100 10 75 
G3-S10 0 100 100 100 0 15 10 
G4-S2 0 35 95 95 85 0 95 
G4-S4 0 45 100 100 5 5 100 
G4-S6 0 5 0 0 100 75 20 
G4-S8 0 0 75 95 100 10 95 
G4-S10 0 5 10 60 25 20 0 
G5-S2 0 10 85 90 95 5 85 
G5-S6 0 100 100 100 100 25 40 
G5-S8 0 65 100 100 40 0 100 
G5-S10 0 0 90 90 0 5 100 
G6-S2 0 20 10 10 5 100 100 
G6-S4 0 15 35 60 100 100 95 
G6-S6 0 10 50 65 100 20 15 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.538 2.34E-01 3.59E-01 1.59E-01 4.95E-04 1.80E-01 2.44E-01 
G1-S6 0.595 2.56E-01 3.27E-01 2.79E-01 5.32E-12 5.73E-01 5.54E-01 
G1-S8 0.531 3.72E-07 1.56E-08 6.34E-09 3.24E-10 4.40E-01 4.75E-01 
G1-S10 0.472 1.05E-10 8.35E-11 7.96E-11 1.55E-12 1.01E-01 4.08E-01 
G2-S2 0.558 2.51E-05 4.70E-07 1.73E-07 3.64E-01 2.44E-04 3.53E-01 
G2-S4 0.518 2.80E-02 1.21E-04 1.24E-04 3.62E-07 1.69E-10 9.25E-03 
G2-S6 0.398 4.31E-07 2.04E-08 1.85E-04 7.45E-13 2.53E-01 2.53E-01 
G2-S8 0.497 1.24E-01 2.37E-02 6.47E-03 2.74E-04 7.45E-07 7.11E-02 
G2-S10 0.563 7.68E-04 4.19E-09 1.93E-11 2.71E-09 4.63E-01 4.84E-01 
G3-S2 0.568 1.67E-03 5.37E-06 9.88E-07 4.22E-02 4.17E-01 4.32E-01 
G3-S4 0.502 6.14E-02 1.25E-01 4.52E-02 5.75E-05 2.10E-02 2.26E-01 
G3-S6 0.572 2.37E-09 2.90E-10 1.16E-10 3.34E-09 2.26E-01 9.20E-02 
G3-S8 0.464 4.43E-01 4.50E-01 4.04E-01 9.83E-07 8.85E-02 4.31E-06 
G3-S10 0.591 1.27E-03 1.98E-09 2.38E-11 4.75E-01 2.79E-06 3.77E-02 
G4-S2 0.479 1.63E-05 4.13E-08 3.25E-09 2.81E-02 8.92E-08 2.39E-07 
G4-S4 0.497 3.83E-01 3.21E-01 1.73E-02 2.37E-01 3.46E-06 2.65E-01 
G4-S6 0.471 3.57E-01 4.19E-01 3.33E-01 3.76E-12 2.83E-01 1.93E-01 
G4-S8 0.540 3.73E-01 8.29E-02 1.37E-02 2.81E-02 2.35E-01 2.74E-01 
G4-S10 0.457 4.61E-01 1.16E-01 4.33E-02 1.89E-01 1.42E-01 3.47E-01 
G5-S2 0.470 1.21E-01 1.48E-03 1.22E-04 5.47E-04 3.72E-01 6.22E-03 
G5-S6 0.465 4.12E-03 2.98E-06 1.22E-07 3.76E-01 1.43E-04 2.04E-02 
G5-S8 0.474 5.24E-01 5.81E-01 6.36E-01 4.55E-01 1.75E-07 4.57E-01 
G5-S10 0.454 2.48E-01 3.66E-01 3.58E-01 2.89E-03 3.08E-01 1.55E-01 
G6-S2 0.387 1.02E-02 3.03E-01 4.32E-02 2.09E-01 9.01E-10 4.49E-01 
G6-S4 0.385 1.85E-01 1.97E-01 1.97E-01 2.35E-05 2.96E-01 4.11E-01 












Table A3 - 76. Percentage of damage runs with detected damage at each station for Trial 38. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 0 10 25 90 15 10 
G1-S6 0 10 5 5 100 0 0 
G1-S8 0 100 100 100 100 0 0 
G1-S10 0 100 100 100 100 25 0 
G2-S2 0 100 100 100 5 90 5 
G2-S4 0 60 95 95 100 100 60 
G2-S6 0 100 100 95 100 5 10 
G2-S8 0 20 55 65 95 100 40 
G2-S10 0 85 100 100 100 5 0 
G3-S2 0 75 100 100 60 0 0 
G3-S4 0 35 30 40 95 75 0 
G3-S6 0 100 100 100 100 0 15 
G3-S8 0 0 0 0 100 65 100 
G3-S10 0 85 100 100 0 100 50 
G4-S2 0 100 100 100 70 100 100 
G4-S4 0 15 10 65 5 100 0 
G4-S6 0 5 0 0 100 0 15 
G4-S8 0 0 30 70 35 15 15 
G4-S10 0 0 15 40 0 0 0 
G5-S2 0 25 80 95 85 0 80 
G5-S6 0 60 100 100 5 95 60 
G5-S8 0 0 0 0 0 100 0 
G5-S10 0 0 5 5 70 15 10 
G6-S2 0 65 0 25 30 100 5 
G6-S4 0 5 10 10 100 10 0 
G6-S6 0 60 100 100 90 0 30 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.409 2.62E-03 2.72E-06 7.62E-09 2.87E-01 8.90E-04 4.71E-01 
G1-S6 0.552 9.73E-02 1.83E-01 1.76E-01 1.73E-01 4.39E-01 4.36E-01 
G1-S8 0.521 9.09E-03 2.90E-03 3.33E-03 3.20E-02 2.91E-03 2.22E-01 
G1-S10 0.529 2.15E-10 1.16E-10 9.70E-11 6.03E-07 2.06E-01 4.12E-01 
G2-S2 0.514 3.62E-03 4.25E-06 5.33E-08 8.67E-02 4.44E-02 3.80E-01 
G2-S4 0.583 1.74E-01 7.30E-02 7.00E-02 6.38E-03 3.66E-01 3.61E-01 
G2-S6 0.457 7.85E-09 2.98E-09 1.08E-09 3.37E-10 2.89E-01 3.74E-01 
G2-S8 0.581 2.14E-01 1.48E-01 1.84E-01 5.34E-02 4.34E-02 8.32E-02 
G2-S10 0.542 1.51E-02 3.01E-04 2.80E-06 9.44E-02 2.85E-01 3.56E-01 
G3-S2 0.557 3.71E-04 1.62E-07 1.92E-09 3.01E-01 2.74E-01 3.01E-01 
G3-S4 0.535 1.57E-01 3.94E-07 3.57E-09 3.35E-01 1.74E-02 1.21E-04 
G3-S6 0.527 1.70E-09 1.45E-10 2.91E-11 4.82E-14 3.53E-01 1.24E-01 
G3-S8 0.464 4.77E-01 2.22E-01 1.59E-01 1.11E-01 8.56E-02 1.06E-02 
G3-S10 0.456 1.27E-03 4.84E-08 1.15E-09 2.77E-01 3.53E-06 8.35E-02 
G4-S2 0.463 1.09E-04 5.54E-06 1.10E-05 3.98E-01 2.01E-04 3.66E-08 
G4-S4 0.411 2.65E-01 2.14E-04 7.23E-09 3.72E-02 1.17E-08 5.02E-03 
G4-S6 0.431 4.06E-01 4.02E-01 2.88E-01 9.86E-11 3.82E-01 1.91E-01 
G4-S8 0.561 3.98E-01 1.81E-01 1.34E-01 3.62E-01 2.13E-03 3.34E-01 
G4-S10 0.495 4.63E-01 2.88E-01 3.18E-01 3.48E-01 2.57E-01 2.98E-01 
G5-S2 0.565 5.47E-03 1.58E-05 5.34E-07 3.43E-10 4.15E-01 1.57E-03 
G5-S6 0.524 6.90E-02 4.50E-02 3.81E-02 2.48E-01 1.30E-05 2.66E-02 
G5-S8 0.524 5.76E-01 3.56E-01 2.01E-01 4.44E-02 3.86E-06 5.26E-01 
G5-S10 0.420 3.66E-01 4.23E-01 3.59E-01 4.57E-02 2.36E-01 2.02E-01 
G6-S2 0.442 5.06E-03 2.27E-01 4.36E-01 3.53E-04 1.25E-10 9.22E-03 
G6-S4 0.462 3.48E-01 4.33E-01 3.73E-01 3.68E-02 4.26E-01 3.26E-01 












Table A3 - 78. Percentage of damage runs with detected damage at each station for Trial 39. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 60 100 100 15 95 0 
G1-S6 0 25 20 25 20 10 0 
G1-S8 0 75 90 90 50 65 5 
G1-S10 0 100 100 100 100 15 0 
G2-S2 0 55 100 100 45 40 0 
G2-S4 0 20 35 25 90 10 0 
G2-S6 0 100 100 100 100 10 0 
G2-S8 0 0 5 20 50 50 20 
G2-S10 0 70 95 100 20 15 0 
G3-S2 0 95 100 100 5 0 5 
G3-S4 0 5 100 100 10 75 95 
G3-S6 0 100 100 100 100 0 10 
G3-S8 0 0 0 0 15 20 50 
G3-S10 0 85 100 100 10 100 15 
G4-S2 0 95 100 100 0 95 100 
G4-S4 0 15 95 100 65 100 90 
G4-S6 0 0 0 5 100 0 25 
G4-S8 0 0 10 30 5 75 0 
G4-S10 0 0 0 5 0 5 5 
G5-S2 0 75 100 100 100 0 90 
G5-S6 0 25 85 80 0 100 25 
G5-S8 0 0 0 0 25 100 5 
G5-S10 0 5 0 5 85 10 20 
G6-S2 0 60 5 0 90 100 55 
G6-S4 0 0 0 0 80 0 10 
G6-S6 0 60 85 90 70 50 10 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.553 2.30E-03 1.04E-06 4.57E-10 3.32E-01 1.99E-02 3.57E-01 
G1-S6 0.514 1.58E-02 5.61E-02 2.40E-01 2.25E-01 3.41E-01 4.67E-01 
G1-S8 0.455 7.02E-02 4.11E-02 3.54E-02 2.66E-01 2.54E-01 1.50E-01 
G1-S10 0.560 2.18E-10 1.21E-10 3.24E-10 1.07E-08 4.10E-01 3.43E-01 
G2-S2 0.535 5.76E-04 2.66E-06 6.61E-07 1.64E-01 2.16E-01 4.40E-01 
G2-S4 0.559 2.25E-01 4.93E-03 2.96E-03 2.92E-01 7.76E-02 4.43E-04 
G2-S6 0.467 1.39E-05 1.74E-05 4.11E-05 4.44E-14 2.58E-01 2.60E-01 
G2-S8 0.482 6.73E-02 3.87E-03 2.37E-04 8.74E-02 2.65E-01 4.83E-02 
G2-S10 0.514 2.43E-01 6.48E-04 2.98E-05 1.16E-01 3.52E-01 2.89E-01 
G3-S2 0.464 2.45E-02 2.69E-03 9.78E-05 1.41E-01 4.62E-01 4.98E-01 
G3-S4 0.374 3.81E-01 6.82E-02 1.58E-02 1.99E-01 4.28E-04 2.84E-01 
G3-S6 0.558 2.94E-07 1.39E-08 1.74E-09 6.29E-13 4.06E-01 2.16E-01 
G3-S8 0.435 4.55E-01 1.32E-01 1.08E-01 2.68E-01 7.04E-02 5.17E-02 
G3-S10 0.513 1.34E-03 1.41E-08 1.05E-10 3.84E-04 8.17E-06 1.28E-02 
G4-S2 0.424 4.68E-03 4.57E-05 1.02E-06 2.59E-01 1.22E-08 2.45E-06 
G4-S4 0.554 1.31E-01 2.52E-01 2.35E-01 1.88E-02 8.00E-13 3.50E-01 
G4-S6 0.401 3.23E-01 2.83E-01 1.79E-01 6.61E-13 3.22E-01 2.40E-01 
G4-S8 0.565 3.45E-01 1.37E-01 6.93E-02 4.04E-01 9.39E-02 4.17E-01 
G4-S10 0.496 4.22E-01 4.50E-01 4.01E-01 4.63E-02 2.92E-02 4.35E-01 
G5-S2 0.539 2.59E-03 4.66E-06 7.11E-07 2.22E-02 4.07E-01 2.97E-03 
G5-S6 0.417 1.38E-01 2.38E-03 1.96E-04 1.55E-02 9.56E-04 1.04E-01 
G5-S8 0.556 3.27E-01 4.02E-01 3.76E-01 5.35E-04 3.36E-03 4.04E-01 
G5-S10 0.553 3.97E-01 4.10E-01 1.72E-02 6.74E-04 3.91E-01 2.94E-01 
G6-S2 0.430 1.79E-04 4.88E-03 7.87E-02 1.08E-01 1.49E-10 3.48E-02 
G6-S4 0.452 2.05E-01 3.07E-01 3.65E-01 4.00E-05 2.07E-01 2.83E-01 












Table A3 - 80. Percentage of damage runs with detected damage at each station for Trial 40. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 75 100 100 5 65 0 
G1-S6 0 30 10 0 0 0 0 
G1-S8 0 40 60 65 5 10 15 
G1-S10 0 100 100 100 100 5 15 
G2-S2 0 95 100 100 15 5 0 
G2-S4 0 15 80 80 5 35 95 
G2-S6 0 100 100 100 100 0 0 
G2-S8 0 35 60 90 30 5 30 
G2-S10 0 5 80 100 25 5 0 
G3-S2 0 50 80 95 25 5 0 
G3-S4 0 5 65 70 10 90 20 
G3-S6 0 100 100 100 100 0 0 
G3-S8 0 0 10 20 5 50 15 
G3-S10 0 85 100 100 95 100 65 
G4-S2 0 70 100 100 0 100 100 
G4-S4 0 15 15 15 70 100 10 
G4-S6 0 0 0 5 100 0 5 
G4-S8 0 0 30 35 0 40 5 
G4-S10 0 0 0 0 40 70 0 
G5-S2 0 75 100 100 45 5 90 
G5-S6 0 15 60 95 45 80 10 
G5-S8 0 0 0 5 95 90 0 
G5-S10 0 0 0 85 80 5 0 
G6-S2 0 95 55 15 35 100 30 
G6-S4 0 5 0 0 100 35 5 
G6-S6 0 70 90 90 55 20 10 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.579 1.85E-01 8.10E-02 5.78E-03 5.65E-02 1.83E-11 4.06E-01 
G1-S6 0.458 2.23E-02 1.16E-02 4.68E-03 1.47E-10 1.41E-01 4.07E-02 
G1-S8 0.532 1.46E-01 1.45E-01 1.99E-01 2.01E-09 8.54E-03 4.27E-01 
G1-S10 0.444 7.69E-10 6.06E-11 1.41E-11 1.03E-01 6.86E-02 3.78E-01 
G2-S2 0.539 2.26E-02 1.64E-02 2.79E-02 1.92E-01 1.32E-07 4.12E-01 
G2-S4 0.500 2.47E-06 2.80E-12 4.14E-12 3.13E-09 3.21E-01 4.31E-09 
G2-S6 0.555 1.11E-10 1.62E-11 6.92E-12 4.38E-14 3.57E-01 3.99E-01 
G2-S8 0.458 1.02E-01 2.95E-02 3.61E-03 1.97E-11 5.22E-07 4.84E-01 
G2-S10 0.449 1.92E-03 2.02E-05 2.44E-07 2.94E-01 2.97E-01 2.03E-03 
G3-S2 0.474 1.02E-02 1.60E-04 2.69E-06 4.59E-02 2.99E-01 3.09E-01 
G3-S4 0.497 5.99E-05 6.02E-12 4.08E-12 3.25E-07 2.32E-01 4.36E-09 
G3-S6 0.426 8.84E-11 2.08E-10 2.09E-09 4.68E-14 4.64E-01 2.21E-01 
G3-S8 0.440 3.37E-01 2.85E-01 3.09E-01 4.80E-11 3.92E-02 5.30E-02 
G3-S10 0.490 4.08E-08 3.16E-13 7.36E-14 2.15E-06 2.51E-03 2.86E-01 
G4-S2 0.501 1.54E-02 4.22E-04 7.02E-06 8.97E-05 1.59E-01 3.82E-04 
G4-S4 0.566 3.98E-02 1.47E-12 9.85E-13 8.83E-02 2.06E-01 1.17E-12 
G4-S6 0.519 2.58E-01 3.48E-01 3.90E-01 4.46E-14 1.18E-03 1.48E-01 
G4-S8 0.482 2.18E-01 9.90E-03 1.51E-04 3.55E-12 3.52E-01 5.97E-05 
G4-S10 0.491 2.42E-01 7.74E-04 1.69E-05 1.81E-05 6.35E-04 4.21E-01 
G5-S2 0.533 1.70E-01 3.92E-03 3.06E-04 1.66E-12 2.37E-01 1.45E-03 
G5-S6 0.513 1.18E-02 2.07E-04 3.56E-06 5.36E-09 6.55E-02 8.89E-02 
G5-S8 0.487 3.25E-03 8.59E-05 9.62E-05 4.29E-05 3.56E-01 1.03E-07 
G5-S10 0.482 2.99E-01 1.40E-01 1.49E-01 7.43E-12 3.34E-01 7.23E-02 
G6-S2 0.401 5.38E-02 1.99E-01 3.02E-01 4.48E-01 1.78E-11 1.48E-05 
G6-S4 0.477 3.51E-01 1.24E-01 6.03E-02 5.96E-09 4.15E-10 1.34E-03 












Table A3 - 82. Percentage of damage runs with detected damage at each station for Trial 41. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 10 25 60 30 100 0 
G1-S6 0 30 45 55 100 20 25 
G1-S8 0 15 15 15 100 70 0 
G1-S10 0 100 100 100 15 45 5 
G2-S2 0 30 60 65 5 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 20 55 75 100 100 0 
G2-S10 0 85 100 100 5 5 95 
G3-S2 0 45 95 100 45 10 0 
G3-S4 0 95 100 100 100 5 100 
G3-S6 0 100 100 100 100 0 15 
G3-S8 0 5 5 5 100 30 50 
G3-S10 0 100 100 100 100 75 10 
G4-S2 0 70 95 100 95 5 95 
G4-S4 0 30 100 100 20 25 100 
G4-S6 0 0 0 0 100 75 25 
G4-S8 0 0 65 90 100 10 100 
G4-S10 0 0 85 100 100 95 0 
G5-S2 0 15 85 85 100 5 85 
G5-S6 0 75 90 100 100 30 25 
G5-S8 0 55 100 95 100 5 100 
G5-S10 0 0 30 30 100 5 45 
G6-S2 0 45 15 10 0 100 100 
G6-S4 0 0 10 10 100 100 95 
G6-S6 0 10 40 55 100 0 15 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.580 4.24E-03 7.91E-07 7.57E-08 3.48E-01 1.26E-09 4.66E-01 
G1-S6 0.540 5.29E-02 3.23E-02 9.24E-03 2.71E-10 3.03E-01 2.85E-01 
G1-S8 0.576 2.12E-07 1.74E-10 3.54E-12 6.41E-10 2.23E-05 3.45E-02 
G1-S10 0.492 1.45E-10 1.29E-10 9.93E-11 1.25E-13 2.18E-02 5.78E-01 
G2-S2 0.477 5.79E-06 6.84E-10 2.37E-10 4.41E-01 1.54E-01 4.54E-01 
G2-S4 0.524 3.61E-04 1.50E-10 4.10E-10 1.93E-10 4.54E-07 6.67E-02 
G2-S6 0.490 4.53E-11 8.48E-12 5.68E-12 4.58E-14 3.28E-01 3.12E-01 
G2-S8 0.528 6.16E-02 5.91E-03 1.88E-04 4.20E-01 3.19E-01 1.05E-01 
G2-S10 0.448 7.60E-05 1.19E-09 4.85E-12 1.84E-02 3.13E-01 3.00E-01 
G3-S2 0.498 2.03E-04 1.43E-05 1.25E-04 2.01E-02 3.97E-01 4.90E-01 
G3-S4 0.505 8.62E-02 1.36E-01 2.83E-01 1.12E-06 2.36E-01 3.18E-01 
G3-S6 0.501 1.20E-12 4.41E-13 3.23E-13 3.55E-13 1.25E-01 5.73E-02 
G3-S8 0.560 4.97E-01 2.26E-01 1.70E-01 5.31E-11 2.60E-02 8.31E-02 
G3-S10 0.551 1.48E-05 6.02E-11 5.71E-13 8.02E-04 9.42E-09 8.75E-02 
G4-S2 0.386 5.26E-06 6.15E-09 7.59E-11 2.11E-02 1.07E-11 4.64E-08 
G4-S4 0.547 3.04E-01 6.94E-06 1.37E-05 5.68E-02 5.00E-11 7.83E-05 
G4-S6 0.512 3.04E-01 8.56E-02 3.22E-02 8.65E-14 2.10E-01 2.11E-01 
G4-S8 0.576 1.75E-01 8.26E-02 6.26E-02 5.16E-12 2.24E-05 7.35E-02 
G4-S10 0.483 4.92E-01 2.36E-01 1.78E-01 3.89E-03 6.70E-02 2.17E-01 
G5-S2 0.540 2.31E-02 1.11E-04 1.75E-05 1.86E-12 3.25E-01 1.70E-03 
G5-S6 0.396 7.60E-04 8.24E-08 2.48E-09 4.02E-01 3.99E-05 5.43E-03 
G5-S8 0.552 1.36E-01 3.49E-01 4.78E-01 3.47E-02 5.74E-09 4.97E-01 
G5-S10 0.445 2.71E-01 6.27E-03 7.84E-10 3.85E-03 3.36E-01 1.30E-01 
G6-S2 0.402 6.87E-04 1.50E-02 1.52E-01 3.55E-01 3.86E-11 8.36E-03 
G6-S4 0.471 1.66E-01 2.84E-01 3.81E-01 7.01E-05 3.92E-01 3.53E-01 












Table A3 - 84. Percentage of damage runs with detected damage at each station for Trial 42. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 60 100 100 0 100 0 
G1-S6 0 40 50 50 100 0 0 
G1-S8 0 100 100 100 100 100 20 
G1-S10 0 100 100 100 100 70 0 
G2-S2 0 100 100 100 5 15 0 
G2-S4 0 85 100 100 100 100 35 
G2-S6 0 100 100 100 100 10 0 
G2-S8 0 40 80 90 5 0 25 
G2-S10 0 95 100 100 55 5 0 
G3-S2 0 95 100 95 50 0 0 
G3-S4 0 15 40 0 100 20 0 
G3-S6 0 100 100 100 100 20 15 
G3-S8 0 0 5 15 100 60 25 
G3-S10 0 100 100 100 80 100 35 
G4-S2 0 100 100 100 65 100 100 
G4-S4 0 0 100 100 40 100 100 
G4-S6 0 5 25 40 100 10 15 
G4-S8 0 20 45 60 100 100 25 
G4-S10 0 0 10 10 75 45 5 
G5-S2 0 55 95 100 100 5 90 
G5-S6 0 80 100 100 0 100 70 
G5-S8 0 0 0 0 70 100 0 
G5-S10 0 5 70 100 70 0 30 
G6-S2 0 90 70 20 0 100 75 
G6-S4 0 0 0 0 95 0 0 
G6-S6 0 75 95 95 100 0 40 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.494 3.14E-03 1.16E-06 1.32E-07 3.58E-01 2.28E-06 3.39E-01 
G1-S6 0.510 2.20E-02 3.17E-03 5.28E-04 4.84E-11 3.27E-01 2.49E-01 
G1-S8 0.511 2.04E-04 8.43E-04 9.55E-04 4.74E-09 8.55E-03 1.38E-01 
G1-S10 0.553 1.48E-10 1.17E-10 9.05E-11 5.11E-07 5.41E-03 6.08E-01 
G2-S2 0.487 6.10E-05 3.69E-09 2.90E-10 4.30E-01 3.14E-01 3.26E-01 
G2-S4 0.509 4.00E-04 5.88E-13 5.86E-13 1.90E-07 1.25E-08 2.75E-11 
G2-S6 0.456 3.72E-11 1.15E-11 7.73E-12 4.62E-14 2.86E-01 2.66E-01 
G2-S8 0.516 1.01E-01 1.39E-02 1.40E-03 4.41E-01 3.83E-01 1.28E-01 
G2-S10 0.449 1.42E-02 6.27E-07 1.30E-09 4.90E-07 2.45E-01 2.55E-01 
G3-S2 0.496 3.83E-04 2.41E-05 2.08E-05 2.55E-02 4.18E-01 4.84E-01 
G3-S4 0.405 3.96E-01 1.22E-05 3.41E-08 3.66E-01 3.51E-01 4.37E-02 
G3-S6 0.606 4.59E-11 7.85E-12 4.63E-12 7.66E-13 2.00E-01 5.10E-02 
G3-S8 0.569 5.53E-01 5.24E-02 2.99E-02 3.16E-06 2.52E-01 4.83E-01 
G3-S10 0.488 8.24E-04 2.48E-09 2.50E-11 6.72E-06 1.26E-08 3.56E-02 
G4-S2 0.491 8.61E-05 1.13E-07 1.38E-09 4.32E-02 2.18E-11 3.73E-08 
G4-S4 0.522 4.38E-01 9.02E-04 1.10E-03 7.02E-03 7.68E-06 5.15E-03 
G4-S6 0.448 2.89E-01 2.21E-01 3.49E-01 5.21E-14 2.90E-01 1.93E-01 
G4-S8 0.560 3.88E-01 1.33E-01 9.13E-02 2.98E-03 2.15E-03 3.84E-01 
G4-S10 0.492 4.76E-01 5.57E-01 3.50E-01 3.80E-01 4.56E-03 1.73E-01 
G5-S2 0.506 4.31E-03 3.55E-05 8.20E-06 1.36E-13 4.16E-01 8.34E-04 
G5-S6 0.490 1.87E-02 5.83E-06 8.04E-08 4.15E-01 2.41E-04 1.45E-02 
G5-S8 0.548 2.19E-01 3.75E-01 4.86E-01 6.72E-02 2.16E-07 3.95E-01 
G5-S10 0.372 2.95E-01 2.75E-01 4.67E-04 1.54E-10 3.17E-01 4.51E-01 
G6-S2 0.378 1.24E-05 1.11E-03 3.64E-02 6.49E-03 7.30E-11 1.35E-03 
G6-S4 0.481 1.62E-01 3.18E-01 3.91E-01 1.40E-02 2.78E-01 3.11E-01 












Table A3 - 86. Percentage of damage runs with detected damage at each station for Trial 43. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 65 100 100 5 100 5 
G1-S6 0 55 75 95 100 0 5 
G1-S8 0 90 90 95 100 70 0 
G1-S10 0 100 100 100 100 65 0 
G2-S2 0 95 100 100 0 0 5 
G2-S4 0 85 100 100 100 100 100 
G2-S6 0 100 100 100 100 10 10 
G2-S8 0 20 55 80 5 0 10 
G2-S10 0 80 100 100 100 25 0 
G3-S2 0 90 100 100 45 0 0 
G3-S4 0 5 100 100 5 5 55 
G3-S6 0 100 100 100 100 5 10 
G3-S8 0 0 10 30 100 15 0 
G3-S10 0 85 100 100 100 100 50 
G4-S2 0 95 100 100 60 100 100 
G4-S4 0 0 85 85 70 100 80 
G4-S6 0 0 10 5 100 0 25 
G4-S8 0 5 30 55 80 90 0 
G4-S10 0 0 0 10 10 80 15 
G5-S2 0 65 100 100 100 0 90 
G5-S6 0 30 100 100 5 95 65 
G5-S8 0 0 0 0 35 100 0 
G5-S10 0 5 10 90 100 15 10 
G6-S2 0 100 90 55 75 100 90 
G6-S4 0 5 0 0 55 10 0 
G6-S6 0 80 90 90 100 10 25 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.518 1.91E-03 1.36E-06 7.82E-08 4.04E-01 5.15E-07 5.13E-01 
G1-S6 0.558 1.68E-02 4.67E-03 8.63E-04 3.23E-01 2.39E-01 2.87E-01 
G1-S8 0.522 4.47E-01 4.68E-01 4.72E-01 1.49E-07 2.39E-03 9.33E-02 
G1-S10 0.575 9.06E-11 7.66E-11 7.52E-11 1.15E-07 1.13E-01 6.26E-01 
G2-S2 0.437 3.26E-05 1.68E-08 2.79E-09 3.71E-01 3.40E-01 3.30E-01 
G2-S4 0.551 1.26E-03 4.39E-13 5.44E-13 3.83E-12 1.01E-05 8.59E-13 
G2-S6 0.499 6.85E-10 3.02E-10 2.05E-10 4.85E-14 2.90E-01 2.48E-01 
G2-S8 0.492 8.89E-02 4.46E-03 1.20E-04 3.43E-01 4.29E-01 1.37E-01 
G2-S10 0.520 4.39E-02 1.92E-05 8.15E-08 4.50E-04 2.85E-01 4.19E-01 
G3-S2 0.476 1.54E-03 2.08E-05 1.96E-06 2.37E-01 3.50E-01 5.48E-01 
G3-S4 0.404 1.71E-01 1.01E-08 8.59E-11 3.61E-01 2.63E-02 2.37E-03 
G3-S6 0.576 4.14E-09 9.34E-11 1.70E-11 1.03E-07 1.47E-01 4.00E-02 
G3-S8 0.461 4.49E-01 2.18E-01 1.71E-01 1.56E-04 8.13E-02 2.84E-01 
G3-S10 0.546 2.42E-03 3.14E-08 7.02E-11 2.43E-07 3.44E-07 2.61E-02 
G4-S2 0.489 2.56E-04 9.77E-07 4.16E-08 7.70E-02 3.88E-10 1.11E-07 
G4-S4 0.471 3.17E-01 9.64E-04 1.09E-03 9.49E-03 6.24E-04 1.97E-02 
G4-S6 0.439 3.21E-01 9.98E-02 6.19E-02 6.75E-13 3.39E-01 1.63E-01 
G4-S8 0.609 3.07E-01 1.32E-01 2.22E-02 5.30E-02 7.47E-03 3.06E-01 
G4-S10 0.481 4.03E-01 4.47E-01 1.44E-01 3.32E-02 3.52E-02 1.79E-01 
G5-S2 0.493 6.55E-03 4.80E-05 1.56E-05 6.01E-13 3.83E-01 7.93E-04 
G5-S6 0.524 4.83E-02 3.27E-04 7.05E-06 3.17E-01 9.99E-03 3.56E-02 
G5-S8 0.490 3.05E-01 4.85E-01 4.75E-01 3.00E-01 6.02E-04 4.38E-01 
G5-S10 0.487 3.18E-01 4.24E-09 3.23E-09 4.43E-01 7.57E-02 6.82E-04 
G6-S2 0.393 7.82E-06 9.64E-04 3.19E-02 1.10E-02 8.17E-11 1.37E-03 
G6-S4 0.476 1.87E-01 3.54E-01 3.97E-01 1.06E-04 3.10E-01 3.34E-01 












Table A3 - 88. Percentage of damage runs with detected damage at each station for Trial 44. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 65 100 100 5 100 0 
G1-S6 0 55 75 95 0 0 0 
G1-S8 0 0 5 5 100 85 5 
G1-S10 0 100 100 100 100 25 0 
G2-S2 0 100 100 100 0 0 0 
G2-S4 0 80 100 100 100 100 100 
G2-S6 0 100 100 100 100 0 10 
G2-S8 0 40 80 95 5 0 5 
G2-S10 0 45 100 100 90 5 0 
G3-S2 0 85 100 100 10 0 0 
G3-S4 0 10 100 100 5 85 85 
G3-S6 0 100 100 100 100 10 20 
G3-S8 0 0 5 5 95 40 5 
G3-S10 0 75 100 100 100 100 65 
G4-S2 0 95 100 100 50 100 100 
G4-S4 0 0 80 80 55 75 75 
G4-S6 0 5 20 50 100 0 20 
G4-S8 0 5 30 65 35 60 10 
G4-S10 0 0 0 25 60 65 10 
G5-S2 0 50 100 100 100 5 85 
G5-S6 0 30 85 100 10 85 35 
G5-S8 0 0 0 0 0 90 0 
G5-S10 0 0 100 100 0 40 90 
G6-S2 0 100 85 50 60 100 85 
G6-S4 0 0 0 0 95 15 5 
G6-S6 0 60 85 85 95 10 25 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.585 1.89E-01 1.14E-01 1.86E-02 1.70E-02 1.78E-11 2.15E-01 
G1-S6 0.460 2.31E-02 1.35E-02 7.22E-03 1.02E-11 1.46E-01 5.21E-02 
G1-S8 0.530 4.06E-01 4.12E-01 3.95E-01 1.89E-09 4.10E-03 4.33E-01 
G1-S10 0.443 5.42E-10 2.49E-11 7.11E-12 3.03E-01 1.16E-02 4.00E-01 
G2-S2 0.548 2.31E-02 4.69E-03 6.75E-03 3.33E-01 2.26E-07 4.02E-01 
G2-S4 0.473 7.62E-07 1.08E-12 1.53E-12 4.74E-10 3.67E-01 4.62E-11 
G2-S6 0.542 8.23E-11 1.52E-11 6.95E-12 4.40E-14 3.06E-01 3.97E-01 
G2-S8 0.448 1.04E-01 2.77E-02 3.59E-03 7.25E-12 5.91E-08 4.83E-01 
G2-S10 0.444 4.94E-04 1.17E-06 7.71E-09 2.84E-01 2.90E-01 2.96E-03 
G3-S2 0.487 6.92E-03 2.69E-05 1.19E-07 1.23E-02 3.28E-01 3.12E-01 
G3-S4 0.533 7.30E-05 5.23E-12 3.86E-12 6.49E-08 1.37E-04 2.28E-09 
G3-S6 0.438 3.20E-11 1.68E-11 3.32E-11 4.67E-14 3.26E-01 3.48E-01 
G3-S8 0.430 3.08E-01 2.30E-01 2.49E-01 1.97E-10 4.90E-01 9.71E-02 
G3-S10 0.444 2.94E-07 2.62E-13 5.93E-14 1.23E-05 3.46E-03 2.99E-01 
G4-S2 0.496 1.63E-02 5.26E-04 1.15E-05 1.48E-02 1.75E-01 1.18E-03 
G4-S4 0.570 3.11E-02 1.47E-12 1.00E-12 9.62E-02 9.92E-02 1.19E-12 
G4-S6 0.518 2.77E-01 4.01E-01 4.12E-01 5.43E-14 1.46E-03 1.28E-01 
G4-S8 0.483 2.44E-01 1.44E-02 3.63E-04 3.18E-12 3.53E-01 1.30E-04 
G4-S10 0.497 1.89E-01 3.59E-04 6.38E-06 1.78E-05 1.14E-03 4.13E-01 
G5-S2 0.530 1.43E-01 3.51E-03 4.35E-04 1.02E-12 2.34E-01 6.84E-04 
G5-S6 0.510 1.14E-02 2.36E-04 4.92E-06 1.66E-08 6.90E-02 1.07E-01 
G5-S8 0.487 4.29E-03 5.90E-04 1.41E-03 2.61E-05 3.44E-01 2.98E-07 
G5-S10 0.488 3.07E-01 1.31E-01 1.33E-01 7.39E-12 3.41E-01 8.08E-02 
G6-S2 0.406 4.89E-02 1.95E-01 3.02E-01 4.55E-01 9.60E-12 2.33E-06 
G6-S4 0.479 3.23E-01 1.08E-01 4.91E-02 1.59E-09 4.11E-10 1.51E-03 












Table A3 - 90. Percentage of damage runs with detected damage at each station for Trial 45. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 10 20 50 60 100 0 
G1-S6 0 30 40 40 100 20 25 
G1-S8 0 0 0 0 100 75 0 
G1-S10 0 100 100 100 5 60 5 
G2-S2 0 30 70 80 5 100 0 
G2-S4 0 100 100 100 100 5 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 25 55 75 100 100 0 
G2-S10 0 90 100 100 5 0 85 
G3-S2 0 70 100 100 75 5 5 
G3-S4 0 95 100 100 100 95 100 
G3-S6 0 100 100 100 100 5 5 
G3-S8 0 5 10 10 100 5 20 
G3-S10 0 100 100 100 100 80 10 
G4-S2 0 80 95 100 40 0 95 
G4-S4 0 25 100 100 15 40 100 
G4-S6 0 0 0 0 100 75 25 
G4-S8 0 0 65 90 100 10 95 
G4-S10 0 15 85 100 100 85 0 
G5-S2 0 15 80 85 100 10 85 
G5-S6 0 75 90 100 100 35 20 
G5-S8 0 55 85 80 100 10 100 
G5-S10 0 0 35 35 100 5 45 
G6-S2 0 45 15 10 0 100 100 
G6-S4 0 0 10 10 100 100 95 
G6-S6 0 10 45 55 100 20 15 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.540 5.79E-03 1.12E-06 1.64E-07 3.79E-01 1.40E-09 4.30E-01 
G1-S6 0.549 2.81E-02 3.59E-02 2.65E-02 4.08E-07 4.31E-01 3.29E-01 
G1-S8 0.584 3.77E-07 8.77E-10 1.66E-11 8.83E-11 1.05E-06 2.81E-02 
G1-S10 0.486 1.50E-10 1.41E-10 1.22E-10 1.23E-13 6.67E-03 5.94E-01 
G2-S2 0.484 2.10E-06 1.53E-10 2.04E-11 4.66E-01 1.90E-01 4.60E-01 
G2-S4 0.542 1.85E-04 6.51E-13 1.03E-12 2.15E-07 4.91E-09 4.95E-06 
G2-S6 0.482 3.36E-11 9.01E-12 6.55E-12 4.47E-14 3.39E-01 3.12E-01 
G2-S8 0.511 5.97E-02 1.04E-03 2.74E-05 4.30E-01 4.01E-01 2.42E-01 
G2-S10 0.471 1.30E-04 1.63E-09 5.42E-12 2.77E-04 3.52E-01 2.63E-01 
G3-S2 0.545 9.18E-05 5.91E-07 4.06E-07 5.82E-02 3.45E-01 4.82E-01 
G3-S4 0.477 8.43E-02 2.67E-01 3.28E-01 2.93E-02 1.55E-02 3.93E-01 
G3-S6 0.492 1.83E-12 7.59E-13 5.79E-13 5.72E-13 1.04E-01 4.99E-02 
G3-S8 0.544 4.90E-01 1.98E-01 1.31E-01 3.89E-10 4.82E-02 2.05E-01 
G3-S10 0.559 1.21E-05 2.78E-11 4.13E-13 9.52E-06 1.13E-09 8.26E-02 
G4-S2 0.392 5.95E-06 1.30E-08 1.20E-10 1.31E-02 2.02E-11 5.48E-08 
G4-S4 0.552 2.82E-01 1.82E-06 3.80E-06 6.65E-02 1.25E-04 9.77E-05 
G4-S6 0.496 2.81E-01 7.09E-02 3.01E-02 7.22E-14 2.27E-01 2.08E-01 
G4-S8 0.562 1.57E-01 6.27E-02 5.24E-02 2.74E-12 8.00E-03 5.16E-02 
G4-S10 0.500 4.69E-01 2.71E-01 3.28E-01 2.41E-01 8.16E-03 2.87E-01 
G5-S2 0.536 1.27E-02 6.71E-05 1.68E-05 1.38E-12 3.57E-01 1.23E-03 
G5-S6 0.424 1.01E-03 8.33E-08 2.26E-09 3.05E-01 5.47E-05 5.21E-03 
G5-S8 0.555 1.11E-01 2.76E-01 4.36E-01 2.35E-02 1.64E-09 5.55E-01 
G5-S10 0.443 2.60E-01 2.39E-01 1.75E-04 8.46E-09 2.99E-01 4.40E-01 
G6-S2 0.429 7.44E-04 1.26E-02 1.36E-01 2.59E-01 1.46E-11 2.51E-02 
G6-S4 0.487 1.71E-01 3.02E-01 3.71E-01 2.66E-05 3.50E-01 3.54E-01 












Table A3 - 92. Percentage of damage runs with detected damage at each station for Trial 46. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 55 100 100 5 100 0 
G1-S6 0 35 40 60 100 0 0 
G1-S8 0 100 100 100 100 100 30 
G1-S10 0 100 100 100 100 75 0 
G2-S2 0 100 100 100 0 5 0 
G2-S4 0 90 100 100 100 100 100 
G2-S6 0 100 100 100 100 5 0 
G2-S8 0 50 90 100 5 0 5 
G2-S10 0 95 100 100 90 5 0 
G3-S2 0 100 100 100 15 0 0 
G3-S4 0 20 0 0 40 60 5 
G3-S6 0 100 100 100 100 15 15 
G3-S8 0 0 5 15 100 60 0 
G3-S10 0 100 100 100 100 100 35 
G4-S2 0 100 100 100 80 100 100 
G4-S4 0 0 100 100 30 95 95 
G4-S6 0 5 30 35 100 5 15 
G4-S8 0 15 35 70 100 90 40 
G4-S10 0 0 5 5 5 75 10 
G5-S2 0 60 95 100 100 5 90 
G5-S6 0 75 100 100 5 100 60 
G5-S8 0 10 0 0 75 100 0 
G5-S10 0 0 20 95 100 5 5 
G6-S2 0 90 80 35 10 100 60 
G6-S4 0 5 0 0 100 5 0 
G6-S6 0 65 95 100 60 5 40 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.490 1.75E-03 8.71E-07 9.76E-08 3.31E-01 2.82E-06 4.74E-01 
G1-S6 0.503 3.14E-02 5.66E-04 5.85E-06 5.64E-08 3.80E-01 3.08E-01 
G1-S8 0.522 1.59E-01 9.62E-02 8.13E-02 1.98E-06 4.31E-05 5.48E-02 
G1-S10 0.558 1.27E-10 9.22E-11 7.67E-11 1.95E-08 8.39E-02 6.12E-01 
G2-S2 0.494 2.11E-05 7.98E-10 6.01E-11 4.07E-01 4.30E-01 3.43E-01 
G2-S4 0.519 2.05E-04 5.99E-13 5.86E-13 1.04E-04 7.94E-05 1.35E-09 
G2-S6 0.451 5.53E-11 1.74E-11 1.24E-11 4.60E-14 2.84E-01 2.82E-01 
G2-S8 0.518 1.12E-01 7.33E-03 3.32E-04 3.75E-01 3.67E-01 1.42E-01 
G2-S10 0.449 2.61E-02 4.19E-06 1.01E-08 1.05E-08 3.72E-01 2.27E-01 
G3-S2 0.461 8.42E-05 5.16E-06 6.09E-06 5.13E-02 3.83E-01 4.71E-01 
G3-S4 0.400 1.57E-01 7.81E-03 3.92E-02 1.88E-01 3.69E-01 9.88E-02 
G3-S6 0.604 9.65E-11 1.04E-11 5.50E-12 2.55E-13 9.57E-02 3.28E-02 
G3-S8 0.504 4.83E-01 1.52E-01 1.26E-01 1.08E-07 2.60E-01 4.16E-01 
G3-S10 0.522 4.03E-04 2.80E-09 3.51E-11 1.44E-06 7.25E-08 3.47E-02 
G4-S2 0.480 1.05E-04 2.85E-07 3.28E-09 1.48E-02 7.18E-11 3.66E-08 
G4-S4 0.518 3.42E-01 2.46E-05 2.13E-05 1.58E-03 3.74E-04 6.07E-04 
G4-S6 0.442 3.10E-01 8.81E-02 3.93E-02 6.00E-14 2.68E-01 1.96E-01 
G4-S8 0.574 3.21E-01 9.94E-02 1.83E-02 1.86E-03 6.02E-04 2.18E-01 
G4-S10 0.469 4.75E-01 5.40E-01 3.26E-01 1.40E-01 2.39E-02 1.81E-01 
G5-S2 0.487 4.67E-03 3.26E-05 1.11E-05 3.69E-13 4.48E-01 9.15E-04 
G5-S6 0.503 9.95E-03 3.83E-06 2.34E-07 3.03E-01 1.31E-04 1.70E-02 
G5-S8 0.548 1.95E-01 5.23E-01 4.41E-01 7.67E-02 6.38E-09 4.77E-01 
G5-S10 0.435 3.04E-01 4.10E-03 6.57E-08 2.23E-02 1.50E-01 1.48E-01 
G6-S2 0.385 1.50E-05 2.13E-03 4.79E-02 2.33E-02 1.16E-10 2.63E-03 
G6-S4 0.477 2.00E-01 3.69E-01 3.92E-01 1.20E-02 2.92E-01 3.30E-01 












Table A3 - 94. Percentage of damage runs with detected damage at each station for Trial 47. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 65 100 100 5 100 0 
G1-S6 0 55 90 100 100 0 10 
G1-S8 0 20 35 40 100 100 10 
G1-S10 0 100 100 100 100 30 0 
G2-S2 0 100 100 100 0 0 5 
G2-S4 0 95 100 100 95 95 100 
G2-S6 0 100 100 100 100 0 5 
G2-S8 0 30 70 90 5 0 10 
G2-S10 0 85 100 100 100 10 0 
G3-S2 0 100 100 100 30 0 0 
G3-S4 0 5 80 60 5 5 35 
G3-S6 0 100 100 100 100 25 10 
G3-S8 0 0 10 10 100 20 0 
G3-S10 0 85 100 100 100 100 50 
G4-S2 0 95 100 100 70 100 100 
G4-S4 0 0 100 100 85 85 90 
G4-S6 0 0 40 50 100 0 20 
G4-S8 0 5 35 75 90 90 20 
G4-S10 0 0 0 10 40 60 15 
G5-S2 0 70 100 100 100 5 90 
G5-S6 0 40 100 100 0 95 60 
G5-S8 0 0 0 0 20 100 0 
G5-S10 0 5 80 100 75 15 35 
G6-S2 0 100 90 45 70 100 85 
G6-S4 0 0 0 0 75 15 0 
G6-S6 0 70 90 90 100 10 25 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.495 2.40E-03 1.38E-06 1.25E-07 3.84E-01 5.37E-07 4.96E-01 
G1-S6 0.537 1.45E-02 2.98E-03 5.77E-03 1.69E-01 2.87E-01 2.73E-01 
G1-S8 0.531 4.61E-01 5.09E-01 5.31E-01 1.89E-06 8.00E-04 7.90E-02 
G1-S10 0.564 1.03E-10 7.88E-11 7.55E-11 3.85E-08 1.10E-01 6.06E-01 
G2-S2 0.455 5.27E-05 8.54E-09 2.55E-09 3.91E-01 4.04E-01 2.97E-01 
G2-S4 0.516 6.97E-04 8.76E-13 1.03E-12 9.02E-06 5.94E-03 1.22E-12 
G2-S6 0.491 3.95E-10 1.14E-10 6.97E-11 4.88E-14 2.59E-01 2.39E-01 
G2-S8 0.497 1.14E-01 6.65E-03 2.75E-04 3.57E-01 4.15E-01 1.22E-01 
G2-S10 0.508 3.44E-02 3.96E-05 1.89E-07 5.99E-07 4.00E-01 3.73E-01 
G3-S2 0.495 9.59E-04 2.33E-06 6.65E-08 5.50E-03 3.75E-01 5.47E-01 
G3-S4 0.427 1.71E-01 6.57E-06 4.25E-09 4.29E-01 3.48E-01 4.00E-04 
G3-S6 0.603 2.73E-09 6.93E-11 1.51E-11 1.72E-10 1.28E-01 4.49E-02 
G3-S8 0.499 4.71E-01 1.07E-01 6.93E-02 8.41E-05 1.07E-01 2.74E-01 
G3-S10 0.529 1.11E-03 4.84E-09 2.28E-11 3.90E-07 2.64E-08 1.59E-02 
G4-S2 0.453 8.01E-04 2.27E-06 3.26E-08 5.61E-02 8.37E-10 6.15E-08 
G4-S4 0.499 3.48E-01 6.01E-02 2.72E-03 1.58E-01 1.76E-04 1.70E-01 
G4-S6 0.427 3.05E-01 1.37E-01 7.13E-02 6.21E-13 3.45E-01 1.99E-01 
G4-S8 0.638 3.32E-01 1.54E-01 5.03E-02 4.54E-02 6.24E-03 3.07E-01 
G4-S10 0.465 4.27E-01 4.38E-01 1.06E-01 3.48E-02 3.44E-02 1.12E-01 
G5-S2 0.494 5.03E-03 3.19E-05 1.06E-05 8.87E-13 3.32E-01 8.27E-04 
G5-S6 0.490 4.71E-02 3.04E-04 8.14E-06 7.85E-02 1.13E-02 3.60E-02 
G5-S8 0.502 2.74E-01 4.79E-01 4.87E-01 1.28E-01 1.43E-05 4.70E-01 
G5-S10 0.495 2.87E-01 2.30E-09 1.84E-09 3.87E-01 5.92E-02 1.58E-03 
G6-S2 0.393 1.43E-05 2.67E-03 6.05E-02 1.17E-02 8.85E-11 2.54E-03 
G6-S4 0.477 1.81E-01 3.28E-01 3.95E-01 1.08E-03 2.64E-01 3.34E-01 












Table A3 - 96. Percentage of damage runs with detected damage at each station for Trial 48. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 65 100 100 5 100 0 
G1-S6 0 65 70 80 30 0 5 
G1-S8 0 0 0 5 100 95 5 
G1-S10 0 100 100 100 100 20 0 
G2-S2 0 100 100 100 0 0 0 
G2-S4 0 90 100 100 100 80 100 
G2-S6 0 100 100 100 100 0 10 
G2-S8 0 30 70 85 5 0 5 
G2-S10 0 60 100 100 100 0 0 
G3-S2 0 80 100 100 55 0 0 
G3-S4 0 15 100 100 5 15 90 
G3-S6 0 100 100 100 100 10 25 
G3-S8 0 0 5 5 95 35 0 
G3-S10 0 85 100 100 100 100 60 
G4-S2 0 90 100 100 45 100 100 
G4-S4 0 0 50 75 40 95 30 
G4-S6 0 0 15 40 100 0 25 
G4-S8 0 5 35 55 35 60 10 
G4-S10 0 0 0 10 60 25 15 
G5-S2 0 50 100 100 100 5 85 
G5-S6 0 25 95 100 20 75 30 
G5-S8 0 0 0 0 5 100 0 
G5-S10 0 0 100 100 0 45 90 
G6-S2 0 100 90 40 75 100 85 
G6-S4 0 0 0 0 95 15 5 
G6-S6 0 75 85 85 95 10 25 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.537 2.03E-03 7.95E-04 1.76E-04 7.72E-11 6.90E-03 3.60E-01 
G1-S6 0.413 4.67E-10 4.37E-10 3.85E-10 1.52E-12 9.30E-02 5.47E-06 
G1-S8 0.584 5.20E-09 7.79E-09 7.71E-09 5.67E-09 1.89E-02 1.02E-03 
G1-S10 0.357 5.07E-10 4.57E-10 4.30E-10 5.79E-11 3.04E-08 4.88E-07 
G2-S2 0.528 1.51E-06 1.81E-08 2.38E-09 1.10E-09 3.48E-02 1.59E-06 
G2-S4 0.519 3.97E-10 2.36E-10 5.25E-11 1.64E-01 4.97E-12 4.60E-10 
G2-S6 0.496 7.36E-09 5.17E-09 2.99E-09 3.97E-13 2.90E-12 2.05E-05 
G2-S8 0.594 1.12E-02 8.12E-04 5.12E-05 6.40E-07 2.32E-06 5.91E-02 
G2-S10 0.473 1.02E-01 3.87E-03 4.42E-05 7.71E-13 3.19E-13 3.40E-02 
G3-S2 0.520 4.65E-08 3.34E-09 7.30E-10 5.25E-03 3.96E-01 5.66E-01 
G3-S4 0.549 3.03E-08 1.89E-08 1.57E-08 5.09E-11 1.97E-10 7.78E-08 
G3-S6 0.601 2.73E-08 2.13E-08 1.81E-08 3.74E-13 2.83E-02 3.11E-01 
G3-S8 0.389 8.21E-03 1.93E-02 4.70E-02 2.54E-10 5.49E-12 8.17E-02 
G3-S10 0.430 1.03E-07 4.41E-10 3.11E-11 2.54E-05 2.11E-10 2.79E-09 
G4-S2 0.486 3.70E-02 1.76E-03 7.66E-05 4.37E-01 2.90E-09 1.22E-04 
G4-S4 0.593 3.00E-01 4.44E-01 4.27E-01 3.05E-02 1.18E-03 3.58E-01 
G4-S6 0.566 5.73E-05 5.29E-05 5.90E-05 6.76E-13 1.45E-01 4.18E-01 
G4-S8 0.418 3.62E-05 1.75E-06 4.02E-08 4.91E-05 2.85E-10 3.96E-03 
G4-S10 0.563 2.72E-01 4.86E-01 3.07E-01 4.70E-12 2.80E-02 4.26E-08 
G5-S2 0.568 4.20E-01 3.27E-01 2.80E-01 3.33E-12 1.09E-04 3.30E-01 
G5-S6 0.598 2.00E-09 1.78E-09 1.55E-09 1.09E-01 6.84E-03 2.19E-01 
G5-S8 0.597 2.49E-01 1.58E-01 1.11E-01 1.09E-01 1.04E-08 1.68E-01 
G5-S10 0.444 4.06E-06 6.64E-07 8.77E-08 3.21E-13 1.23E-04 1.98E-02 
G6-S2 0.389 1.91E-02 7.73E-02 2.45E-01 3.80E-10 2.76E-13 4.98E-10 
G6-S4 0.508 4.87E-07 1.47E-08 5.26E-10 1.27E-03 4.26E-02 5.50E-01 












Table A3 - 98. Percentage of damage runs with detected damage at each station for Trial 59. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 75 85 95 100 65 10 
G1-S6 0 100 100 100 100 25 100 
G1-S8 0 100 100 100 100 65 90 
G1-S10 0 100 100 100 100 100 100 
G2-S2 0 100 100 100 100 45 100 
G2-S4 0 100 100 100 10 100 100 
G2-S6 0 100 100 100 100 100 100 
G2-S8 0 65 95 100 100 100 35 
G2-S10 0 25 75 100 100 100 35 
G3-S2 0 100 100 100 85 0 0 
G3-S4 0 100 100 100 100 100 100 
G3-S6 0 100 100 100 100 15 0 
G3-S8 0 55 50 35 100 100 30 
G3-S10 0 100 100 100 100 100 100 
G4-S2 0 50 75 95 0 100 95 
G4-S4 0 10 0 0 65 80 0 
G4-S6 0 100 100 100 100 20 0 
G4-S8 0 100 100 100 100 100 70 
G4-S10 0 5 5 0 100 40 100 
G5-S2 0 0 5 5 100 95 5 
G5-S6 0 100 100 100 20 65 5 
G5-S8 0 5 10 10 30 100 10 
G5-S10 0 100 100 100 100 95 50 
G6-S2 0 40 10 0 100 100 100 
G6-S4 0 100 100 100 80 60 0 
G6-S6 0 85 85 90 100 100 0 

















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.493 4.76E-01 2.00E-03 1.65E-07 9.26E-02 1.59E-01 7.99E-05 
G1-S6 0.442 3.95E-01 1.68E-01 1.51E-01 1.01E-11 1.94E-01 3.24E-01 
G1-S8 0.510 6.80E-04 1.62E-06 3.88E-08 2.30E-13 2.81E-07 3.69E-01 
G1-S10 0.466 1.83E-12 1.84E-13 1.55E-13 2.31E-13 3.08E-01 1.72E-02 
G2-S2 0.639 7.41E-04 3.04E-05 3.64E-04 2.41E-10 2.37E-01 4.25E-04 
G2-S4 0.488 3.13E-02 4.49E-02 1.02E-01 6.58E-02 7.89E-05 1.50E-01 
G2-S6 0.549 1.65E-10 7.20E-12 3.93E-12 1.54E-13 5.41E-03 5.63E-01 
G2-S8 0.502 3.99E-03 1.52E-07 2.03E-09 3.17E-01 9.19E-08 3.58E-01 
G2-S10 0.562 1.83E-02 1.64E-06 1.39E-06 3.46E-11 9.96E-07 4.73E-01 
G3-S2 0.433 7.64E-03 4.80E-06 2.78E-07 2.40E-01 3.81E-01 2.88E-01 
G3-S4 0.422 1.18E-01 6.48E-03 1.82E-02 2.32E-02 3.35E-07 6.86E-03 
G3-S6 0.480 4.82E-10 5.82E-12 1.32E-12 1.54E-13 3.46E-01 4.72E-04 
G3-S8 0.675 2.01E-01 6.70E-03 3.45E-02 2.29E-07 5.32E-09 2.24E-01 
G3-S10 0.506 1.06E-02 1.64E-12 2.17E-13 1.84E-01 1.37E-06 1.16E-01 
G4-S2 0.483 2.01E-09 2.28E-10 6.56E-12 1.34E-08 1.81E-06 1.66E-10 
G4-S4 0.523 4.69E-01 5.35E-10 4.49E-10 5.01E-07 6.79E-12 6.82E-09 
G4-S6 0.534 1.44E-02 1.21E-01 6.49E-02 1.54E-13 1.99E-04 1.53E-05 
G4-S8 0.565 3.98E-01 2.58E-01 1.18E-02 5.15E-01 2.75E-08 1.35E-01 
G4-S10 0.615 3.15E-02 9.17E-03 1.94E-01 1.11E-07 4.44E-02 2.05E-01 
G5-S2 0.579 3.35E-07 6.21E-13 2.18E-13 3.23E-12 3.13E-13 4.91E-11 
G5-S6 0.464 5.01E-01 1.88E-06 1.46E-11 8.34E-08 3.29E-13 8.66E-09 
G5-S8 0.646 6.03E-01 1.02E-01 5.62E-04 2.28E-04 2.90E-10 4.57E-01 
G5-S10 0.464 2.36E-04 9.50E-12 9.02E-12 8.99E-12 3.42E-08 1.02E-11 
G6-S2 0.515 2.00E-07 1.47E-02 2.82E-01 2.98E-03 1.84E-09 1.06E-01 
G6-S4 0.569 3.14E-04 1.17E-06 6.29E-09 2.87E-07 1.25E-08 4.99E-01 












Table A3 - 100. Percentage of damage runs with detected damage at each station for Trial 60. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0 0 75 100 45 15 100 
G1-S6 0 0 0 5 100 0 0 
G1-S8 0 95 100 100 100 100 0 
G1-S10 0 100 100 100 100 5 60 
G2-S2 0 75 100 90 100 0 90 
G2-S4 0 25 60 35 60 95 20 
G2-S6 0 100 100 100 100 65 0 
G2-S8 0 60 100 100 5 100 0 
G2-S10 0 30 100 100 100 100 0 
G3-S2 0 65 100 100 20 5 5 
G3-S4 0 30 90 55 65 100 90 
G3-S6 0 100 100 100 100 5 90 
G3-S8 0 5 65 45 100 100 0 
G3-S10 0 70 100 100 20 100 5 
G4-S2 0 100 100 100 100 100 100 
G4-S4 0 0 100 100 100 100 100 
G4-S6 0 55 25 35 100 95 100 
G4-S8 0 0 5 55 0 100 5 
G4-S10 0 20 40 5 100 30 5 
G5-S2 0 100 100 100 100 100 100 
G5-S6 0 0 100 100 100 100 100 
G5-S8 0 0 0 90 95 100 0 
G5-S10 0 90 100 100 100 100 100 
G6-S2 0 100 45 5 80 100 30 
G6-S4 0 95 100 100 100 100 0 
G6-S6 0 100 100 100 90 100 100 












APPENDIX 4: Damage Detection Comparison 
 
The purpose of Appendix 4 is to show the results when comparing the rates of damage detection 
of Trials 1-48. Chapter 5 discusses the difference between Trials 1-24 that include station G6-S8 
and Trials 25-48 that do not include station G6-S8. This appendix analyzes the effects of the 
training algorithm and the number of neurons on the model’s ability to detect damage for each 
damage scenario. 
Training Algorithm: 
Table A4 - 1 shows the average percentage of damage runs with detected damage across all stations 
for Case 1 when comparing trials with the same ANN architecture but using different training 
algorithms. They grey boxes indicate where the Bayesian Regularization algorithm performed 
better than the Levenberg-Marquardt. As shown in the table, the Bayesian Regularization 
algorithm showed higher rates of damage detection as the amount of damage increased, and 
conversely the Levenberg-Marquardt showed higher rates of detection when less damage was 
induced. Ultimately, the effects of the training algorithm on damage detection rates were shown 
to be minimal. 

























1 44.4 69.6 77.8 13 42.8 64.6 72.8  1.7 5.0 5.0 
2 55.7 71.7 73.7 14 48.1 63.3 65.7  7.6 8.3 8.0 
3 39.8 57.4 55.6 15 38.5 53.9 53.9  1.3 3.5 1.7 
4 43.3 56.3 58.1 16 32.4 55.6 57.8  10.9 0.7 0.4 
5 45.2 60.9 69.1 17 46.9 68.1 74.3  -1.7 -7.2 -5.2 
6 52.2 66.9 66.3 18 55.0 66.7 67.0  -2.8 0.2 -0.7 
7 52.8 68.3 65.0 19 46.7 66.7 68.7  6.1 1.7 -3.7 
8 46.3 59.4 61.7 20 47.4 69.8 65.6  -1.1 -10.4 -3.9 
9 45.6 62.0 69.1 21 43.7 64.6 70.9  1.9 -2.6 -1.9 
10 52.6 64.4 65.4 22 54.4 67.8 67.6  -1.9 -3.3 -2.2 



























12 49.8 68.0 66.7 24 48.9 69.1 68.7  0.9 -1.1 -2.0 
25 47.1 71.3 76.5 37 42.1 62.5 72.5  5.0 8.8 4.0 
26 48.3 63.8 63.7 38 46.3 55.6 62.9  1.9 8.3 0.8 
27 46.2 64.0 64.4 39 43.3 58.7 60.6  2.9 5.4 3.8 
28 36.9 49.8 52.5 40 41.5 57.5 64.0  -4.6 -7.7 -11.5 
29 45.8 61.3 68.8 41 43.7 66.0 71.2  2.1 -4.6 -2.3 
30 55.8 70.2 71.5 42 56.2 72.5 72.1  -0.4 -2.3 -0.6 
31 53.3 68.1 67.3 43 52.1 71.0 76.5  1.2 -2.9 -9.2 
32 48.8 67.5 64.8 44 46.2 71.2 75.2  2.7 -3.7 -10.4 
33 47.3 65.4 70.6 45 45.2 65.4 70.0  2.1 0.0 0.6 
34 56.5 67.5 69.6 46 56.5 69.0 73.7  0.0 -1.5 -4.0 
35 57.9 68.7 66.9 47 51.0 73.8 75.8  6.9 -5.2 -8.8 
36 47.7 65.6 65.6 48 47.5 69.8 72.3  0.2 -4.2 -6.7 
 
Table A4 - 2 shows the same analysis but for the Case 2 damage scenario. 






L-M Minus B-R 
Case 2 Case 2 Case 2 
1 74.6 13 72.0  2.6 
2 72.8 14 64.3  8.5 
3 62.6 15 53.1  9.4 
4 55.4 16 43.1  12.2 
5 76.5 17 74.6  1.9 
6 65.9 18 62.4  3.5 
7 60.9 19 66.1  -5.2 
8 57.4 20 54.4  3.0 
9 78.0 21 76.9  1.1 
10 61.9 22 66.9  -5.0 
11 61.3 23 64.8  -3.5 
12 57.8 24 55.0  2.8 
25 77.7 37 56.9  20.8 
26 64.4 38 66.7  -2.3 
27 68.7 39 48.1  20.6 
28 54.4 40 45.6  8.8 
29 78.1 41 77.5  0.6 
30 62.1 42 69.6  -7.5 
31 68.7 43 67.3  1.3 
32 64.2 44 56.5  7.7 
33 80.2 45 77.1  3.1 
34 63.3 46 66.2  -2.9 
35 65.6 47 67.9  -2.3 




Similar to the previous table, neither training algorithm performed definitively better than the 
other. Table A4 - 3 shows the final comparison between the trails for the Case 3 damage scenario. 






L-M Minus B-R 
Case 3a Case 3b Case 3a Case 3b Case 3a Case 3b 
1 23.0 38.1 13 43.9 41.3  -20.9 -3.1 
2 43.0 32.0 14 55.0 29.1  -12.0 3.0 
3 49.8 34.1 15 41.3 20.7  8.5 13.3 
4 39.1 20.0 16 40.6 18.9  -1.5 1.1 
5 33.3 33.7 17 34.6 43.1  -1.3 -9.4 
6 51.1 32.6 18 48.0 28.5  3.1 4.1 
7 43.9 37.2 19 38.9 28.0  5.0 9.3 
8 45.2 27.4 20 39.3 32.2  5.9 -4.8 
9 36.3 35.0 21 40.4 43.3  -4.1 -8.3 
10 49.3 30.4 22 47.8 28.9  1.5 1.5 
11 43.1 34.1 23 44.1 32.0  -0.9 2.0 
12 39.4 32.8 24 36.1 32.4  3.3 0.4 
25 48.5 33.8 37 37.3 41.5  11.2 -7.7 
26 43.5 36.7 38 42.9 23.3  0.6 13.5 
27 45.8 31.3 39 43.8 24.4  1.9 6.9 
28 34.2 20.8 40 39.2 20.0  -5.0 0.8 
29 38.8 33.8 41 39.4 45.6  -0.6 -11.7 
30 41.9 31.2 42 48.5 27.1  -6.5 4.0 
31 42.3 33.5 43 46.0 28.8  -3.7 4.6 
32 47.1 31.3 44 46.0 32.1  1.2 -0.8 
33 39.2 36.7 45 44.0 43.5  -4.8 -6.7 
34 40.8 32.5 46 50.4 27.1  -9.6 5.4 
35 50.2 32.3 47 44.6 29.8  5.6 2.5 
36 41.2 29.6 48 41.7 30.8  -0.6 -1.2 
 
The results from the table above corroborate the findings from the previous two tables that the 
training algorithm had little effect on the ability to detect damage. This is a useful conclusion, as 







Number of Neurons: 
To compare the number of neurons, a ranking analysis was performed. Each grouping of four trials 
represents models using 2, 10, 20, and 50 neurons in the ANN architecture. For example, the first 
trial in each subgroup (Trials 1, 5, 9, …, 37, 41, and 45) use 2 neurons in the ANN model. For 
each damage scenario, the percentages of damage detection were thus summed for all trials in each 
neuron category and a ranking was assigned from high (1) to low (4) based on the sum. Table A4 
- 4 shows the sum for each damage scenario as well as the subsequent assigned rank. 
Table A4 - 4. Comparing the number of neurons for Case 1 damage detection results of Trials 1-48. 
Number of 
Neurons 















2 540 782 864  3 3 1 
10 638 799 819  1 1 2 
20 581 783 789  2 2 3 
50 537 760 773  4 4 4 
 
As shown in the table, the trails with fewer neurons tended to have higher rates of damage 
detection. Those that used 2-20 neurons generally performed well, while those using 50 neurons 
ranked last for all three Case 1 scenarios. Table A4 - 5 shows the same analysis but for the Case 2 
damage scenario.  
Table A4 - 5. Comparing the number of neurons for Case 2 damage detection results of Trials 1-48. 
Number of 
Neurons 
Sum of Damage Detection Percentages 
 
Assigned Rank 
Case 2 Case 2 
2 900  1 
10 787  2 
20 755  3 
50 669  4 
 
Once again, the highest performance came from the trials that used fewer neurons in the ANN 
architecture, while those using 50 neurons ranked last again. Table A4 - 6 shows the final 
comparison for Case 3 damage scenarios when analyzing the effects of the number of neurons. 
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Table A4 - 6. Comparing the number of neurons for Case 3 damage detection results of Trials 1-48. 
Number of 
Neurons 











2 459 469  4 1 
10 562 359  1 3 
20 534 366  2 2 
50 489 328  3 4 
 
As shown above, the trials with fewer neurons were again better able to detect damage for Case 
3b, which represents deck delamination in the southbound lane of the bridge. Case 3a represents 
deck delamination across both traffic lanes and it was shown that 10 neurons was optimal for 
damage detection. To optimize damage detection across all damage scenarios, 10 neurons proved 
to be the optimal number in this analysis. 
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APPENDIX 5: Damage Detection and Localization for Trials 49-58 
 
As mentioned in Chapter 5 the results from the damage detection and localization of Trials 49-58 
were moved to Appendix 5 because the initial model training indicated higher prediction errors 
for these models when compared to the equivalent model trained only using the maximum strain 
at each location for a single truck event. Furthermore, because Trials 49-58 were trained using 
strains from many different time steps throughout the truck event, the damage simulation 
analysis becomes invalid when using the initial protocol. In Trials 1-48, for example, the percent 
changes in strain at the exact time when the strain was at a maximum were extracted for each 
location, thus allowing for the simulation of damage at the same instance that the strains are 
representing. To simulate damage properly for Trials 49-58 would require an algorithm to 
correlate a time step in one truck event with another truck event and extracting the change in 
strain between the undamaged and damaged conditions throughout the entire truck event. For the 
purposes of this thesis, this was not performed. Instead, the changes in strain only at the 
maximum time step were applied for all truck events to simulate damage and the results are 
included below.  
Damage Detection: 







Average Percentage of Runs with Detected Damage for 
All Stations 
Case U Case 1a Case 1b Case 1c 
49 10 355392/98504 0.2 5.2 12.9 16.3 
50 20 207354/57987 0.0 16.2 25.2 29.2 
51 30 133494/37187 0.0 32.1 55.2 61.2 
52 40 101121/28168 0.0 45.4 54.4 54.6 
53 50 68963/19321 0.0 41.9 55.2 55.6 
54 60 40404/11061 0.0 47.7 57.7 57.1 
55 70 22938/6280 0.0 40.0 54.0 56.9 
56 80 9760/2837 0.0 31.3 51.5 51.3 









Average Percentage of Runs with Detected Damage for 
All Stations 
Case U Case 1a Case 1b Case 1c 
58 100 290/129 0.2 19.6 36.5 44.4 
 






Average Percentage of Runs with Detected 
Damage for All Stations 
Case U Case 2 
49 10 355392/98504 0.2 17.3 
50 20 207354/57987 0.0 44.6 
51 30 133494/37187 0.0 57.9 
52 40 101121/28168 0.0 66.9 
53 50 68963/19321 0.0 64.4 
54 60 40404/11061 0.0 66.3 
55 70 22938/6280 0.0 78.7 
56 80 9760/2837 0.0 56.5 
57 90 2055/704 0.0 65.2 
58 100 290/129 0.2 51.9 
 






Average Percentage of Runs with Detected 
Damage for All Stations 
 
Case U Case 3a Case 3b 
49 10 355392/98504 0.2 11.5 5.8 
50 20 207354/57987 0.0 18.3 10.6 
51 30 133494/37187 0.0 34.2 31.0 
52 40 101121/28168 0.0 33.1 27.7 
53 50 68963/19321 0.0 33.3 34.8 
54 60 40404/11061 0.0 42.5 30.6 
55 70 22938/6280 0.0 46.9 39.0 
56 80 9760/2837 0.0 32.5 38.8 
57 90 2055/704 0.0 33.7 28.8 
58 100 290/129 0.2 47.3 25.6 
 
Damage Localization: 
Table A5 - 4. Trials 49-58 damage localization results for Case 1. 
 Case 1: Girder 1 Corrosion 
 













Trial 49 45.7% 38.8% 39.3% 42.0% 38.7% 39.2% 
Trial 50 72.7% 71.6% 71.6% 25.0% 22.8% 22.8% 
A169 
 
Trial 51 91.0% 91.0% 91.0% 6.1% 3.8% 3.8% 
Trial 52 93.7% 93.7% 93.7% 1.9% 1.4% 1.4% 
Trial 53 97.4% 96.9% 96.4% 1.0% 0.5% 0.5% 
Trial 54 96.6% 96.1% 97.1% 1.0% 0.0% 0.0% 
Trial 55 93.3% 93.3% 94.4% 0.5% 0.0% 0.0% 
Trial 56 95.9% 91.7% 91.7% 2.7% 0.0% 0.0% 
Trial 57 90.8% 86.5% 87.2% 8.1% 0.0% 0.0% 
Trial 58 80.5% 80.5% 80.5% 3.0% 0.0% 0.0% 
 
Table A5 - 5. Trials 49-58 damage localization results for Case 2. 
 Case 2: Girder 2 Fracture 
 Northbound Southbound 
Trial 49 37.9% 27.1% 
Trial 50 64.2% 17.0% 
Trial 51 90.4% 6.6% 
Trial 52 93.2% 8.6% 
Trial 53 94.9% 1.5% 
Trial 54 94.2% 2.1% 
Trial 55 79.8% 0.0% 
Trial 56 2.1% 10.2% 
Trial 57 75.9% 0.0% 
Trial 58 50.6% 0.0% 
 
Table A5 - 6. Trials 49-58 damage localization results for Case 3. 
 Case 3b: Southbound Deck Delamination 
 Northbound Southbound 
Trial 49 37.9% 32.6% 
Trial 50 49.4% 18.8% 
Trial 51 93.1% 2.8% 
Trial 52 34.7% 1.4% 
Trial 53 96.9% 2.0% 
Trial 54 96.1% 0.0% 
Trial 55 96.1% 0.5% 
Trial 56 99.3% 31.8% 
Trial 57 98.6% 3.5% 







APPENDIX 6: Percentage Changes in Strain for Simulated Damage Scenarios 
 
Table A6 - 1. Changes in strain at each station when the column station is at its maximum strain for a Case 1a 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 2. Changes in strain at each station when the column station is at its maximum strain for a Case 1a 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 3. Changes in strain at each station when the column station is at its maximum strain for a Case 1b 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 4. Changes in strain at each station when the column station is at its maximum strain for a Case 1b 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 5. Changes in strain at each station when the column station is at its maximum strain for a Case 1c 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 6. Changes in strain at each station when the column station is at its maximum strain for a Case 1c 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 7. Changes in strain at each station when the column station is at its maximum strain for a Case 2 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 8. Changes in strain at each station when the column station is at its maximum strain for a Case 2 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 9. Changes in strain at each station when the column station is at its maximum strain for a Case 3a 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 10. Changes in strain at each station when the column station is at its maximum strain for a Case 3a 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 11. Changes in strain at each station when the column station is at its maximum strain for a Case 3b 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A6 - 12. Changes in strain at each station when the column station is at its maximum strain for a Case 3b 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX 7: Results from Complementary Trials CT1 & CT2 
 
Preliminary Model Testing: 













G1 – S2 0.228 3.83% -0.48 0.49 
G1 – S6 0.466 6.69% -0.97 1.37 
G1 – S8 0.318 8.23% -1.05 0.59 
G1 – S10 0.368 5.80% -0.65 0.73 
G2 – S2 0.314 2.26% -0.70 0.64 
G2 – S4 0.397 4.32% -1.04 1.03 
G2 – S6 0.443 2.15% -1.27 1.18 
G2 – S8 0.319 3.18% -1.60 0.77 
G2 – S10 0.242 1.11% -2.55 0.54 
G3 – S2 0.780 2.41% -1.84 2.01 
G3 – S4 0.306 1.03% -1.16 0.80 
G3 – S6 0.564 1.08% -1.61 2.09 
G3 – S8 0.336 1.50% -0.81 1.89 
G3 – S10 0.436 1.19% -1.23 1.07 
G4 – S2 0.662 1.38% -2.27 2.04 
G4 – S4 0.339 0.94% -1.31 1.18 
G4 – S6 1.117 1.55% -4.56 5.28 
G4 – S8 0.427 1.42% -1.57 1.46 
G4 – S10 0.503 1.26% -1.82 1.91 
G5 – S2 0.491 1.43% -2.25 1.76 
G5 – S6 0.938 1.88% -2.63 3.72 
G5 – S8 0.500 2.21% -2.28 1.67 
G5 – S10 1.511 5.24% -6.46 4.39 























G1 – S2 0.361 1.20% -1.11 1.08 
G1 – S6 1.600 4.50% -5.56 5.91 
G1 – S8 0.262 1.15% -0.92 0.79 
G1 – S10 0.335 0.96% -1.10 1.04 
G2 – S2 0.520 1.23% -2.51 2.11 
G2 – S4 0.678 2.71% -2.28 2.56 
G2 – S6 0.911 1.29% -4.24 3.08 
G2 – S8 0.465 1.50% -3.24 1.40 
G2 – S10 0.461 1.08% -1.39 1.50 
G3 – S2 1.000 2.68% -3.54 4.30 
G3 – S4 0.362 1.16% -1.28 1.37 
G3 – S6 0.729 1.22% -2.38 3.44 
G3 – S8 0.316 1.17% -1.15 1.27 
G3 – S10 0.379 0.91% -1.30 1.77 
G4 – S2 0.238 0.90% -0.93 0.75 
G4 – S4 0.209 1.27% -0.98 0.66 
G4 – S6 0.349 1.00% -1.62 2.86 
G4 – S8 0.194 1.17% -0.75 0.71 
G4 – S10 0.273 1.23% -1.12 1.07 
G5 – S2 0.159 1.39% -0.52 0.46 
G5 – S6 0.228 1.64% -1.03 0.69 
G5 – S8 0.239 3.46% -0.76 0.68 
G5 – S10 0.369 4.03% -1.73 1.21 






















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.261 1.98E-07 6.01E-08 1.59E-08 1.23E-01 5.63E-05 2.30E-01 
G1-S6 0.224 1.60E-01 1.19E-01 5.54E-02 4.98E-04 2.41E-01 2.32E-01 
G1-S8 0.288 4.29E-07 1.42E-07 6.00E-08 8.83E-02 9.16E-02 1.06E-01 
G1-S10 0.274 2.20E-01 2.49E-01 1.39E-01 2.03E-01 1.09E-01 1.53E-01 
G2-S2 0.168 1.21E-01 1.10E-01 1.05E-01 1.19E-01 1.99E-01 1.11E-01 
G2-S4 0.169 1.12E-01 1.46E-01 1.29E-01 1.26E-01 1.05E-01 6.53E-02 
G2-S6 0.148 1.05E-01 1.08E-01 1.11E-01 4.82E-08 2.05E-01 1.63E-01 
G2-S8 0.175 1.55E-01 1.48E-01 1.43E-01 1.42E-01 1.84E-01 1.77E-01 
G2-S10 0.154 1.36E-01 1.32E-01 1.27E-01 1.30E-01 1.89E-01 1.68E-01 
G3-S2 0.125 2.19E-01 2.53E-01 2.34E-01 2.34E-01 1.27E-01 1.23E-01 
G3-S4 0.137 1.62E-01 1.66E-01 1.71E-01 8.99E-02 1.44E-01 1.38E-01 
G3-S6 0.156 2.32E-01 2.31E-01 2.31E-01 8.96E-02 1.43E-01 1.51E-01 
G3-S8 0.159 1.39E-01 1.40E-01 1.41E-01 2.23E-01 1.49E-01 1.16E-01 
G3-S10 0.118 1.75E-01 1.95E-01 2.25E-01 1.60E-01 1.08E-01 1.09E-01 
G4-S2 0.138 1.80E-01 1.95E-01 2.09E-01 1.61E-01 2.13E-01 1.78E-01 
G4-S4 0.113 1.51E-01 1.51E-01 1.50E-01 1.20E-01 8.68E-02 1.44E-01 
G4-S6 0.147 1.42E-01 1.43E-01 1.43E-01 1.42E-01 1.26E-01 1.43E-01 
G4-S8 0.154 1.98E-01 2.12E-01 2.21E-01 1.65E-01 9.73E-02 1.90E-01 
G4-S10 0.120 1.19E-01 1.16E-01 1.13E-01 2.49E-01 1.69E-01 1.85E-01 
G5-S2 0.166 1.57E-01 1.52E-01 1.53E-01 2.89E-01 1.28E-01 1.65E-01 
G5-S6 0.168 2.11E-01 2.14E-01 2.17E-01 1.66E-01 2.34E-01 1.73E-01 
G5-S8 0.256 2.33E-01 2.36E-01 2.30E-01 2.50E-01 2.38E-01 2.55E-01 














Table A7 - 4. Percentage of damage runs with detected damage at each station for Trial CT1. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 30 100 100 100 45 100 20 
G1-S6 30 40 50 55 85 15 20 
G1-S8 25 100 100 100 45 45 35 
G1-S10 25 30 35 35 40 35 45 
G2-S2 30 45 50 50 45 30 50 
G2-S4 30 65 70 70 30 55 50 
G2-S6 25 45 45 40 100 20 20 
G2-S8 25 40 35 30 35 35 20 
G2-S10 30 40 40 40 35 40 30 
G3-S2 25 25 30 30 30 25 25 
G3-S4 30 25 25 25 45 30 30 
G3-S6 40 35 35 35 60 40 40 
G3-S8 15 30 30 25 40 25 25 
G3-S10 30 25 20 25 30 30 30 
G4-S2 25 20 20 20 20 25 20 
G4-S4 20 25 25 25 20 35 25 
G4-S6 30 30 30 30 35 35 35 
G4-S8 20 20 20 20 50 60 15 
G4-S10 30 35 30 25 35 35 25 
G5-S2 15 20 25 25 25 20 20 
G5-S6 25 20 20 25 20 20 25 
G5-S8 20 20 20 20 15 20 20 
G5-S10 20 30 45 45 95 15 15 


















Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 0.254 2.61E-01 2.55E-01 2.57E-01 2.37E-01 2.62E-01 2.56E-01 
G1-S6 0.277 2.78E-01 2.89E-01 3.05E-01 2.73E-02 2.90E-01 2.86E-01 
G1-S8 0.265 2.61E-01 2.62E-01 2.75E-01 2.06E-01 2.64E-01 2.65E-01 
G1-S10 0.263 2.61E-01 3.05E-01 2.53E-01 2.29E-01 2.63E-01 2.57E-01 
G2-S2 0.256 2.44E-01 2.28E-01 2.10E-01 2.30E-01 2.35E-01 2.56E-01 
G2-S4 0.254 2.64E-01 2.75E-01 2.23E-01 1.92E-01 1.85E-01 1.98E-01 
G2-S6 0.205 1.78E-01 1.69E-01 1.39E-01 3.16E-05 2.07E-01 2.00E-01 
G2-S8 0.248 2.41E-01 2.37E-01 2.29E-01 2.30E-01 2.44E-01 2.46E-01 
G2-S10 0.267 2.63E-01 2.53E-01 2.34E-01 1.18E-01 2.46E-01 2.63E-01 
G3-S2 0.208 1.78E-01 1.64E-01 1.59E-01 2.36E-01 1.77E-01 1.97E-01 
G3-S4 0.190 1.91E-01 1.87E-01 1.82E-01 2.21E-01 2.07E-01 1.97E-01 
G3-S6 0.168 1.56E-01 1.66E-01 1.79E-01 3.95E-02 1.69E-01 1.69E-01 
G3-S8 0.232 2.29E-01 2.25E-01 2.10E-01 1.66E-01 2.29E-01 2.30E-01 
G3-S10 0.211 2.04E-01 2.10E-01 1.86E-01 2.04E-01 2.15E-01 2.14E-01 
G4-S2 0.200 2.05E-01 1.56E-01 9.27E-02 2.08E-01 1.71E-01 1.69E-01 
G4-S4 0.182 1.81E-01 1.83E-01 1.87E-01 1.72E-01 1.87E-01 1.83E-01 
G4-S6 0.196 1.93E-01 1.91E-01 1.91E-01 8.03E-02 1.82E-01 1.90E-01 
G4-S8 0.184 1.83E-01 1.83E-01 1.82E-01 1.93E-01 1.82E-01 1.84E-01 
G4-S10 0.229 2.30E-01 2.32E-01 2.31E-01 2.31E-01 2.30E-01 2.28E-01 
G5-S2 0.167 1.73E-01 1.78E-01 1.82E-01 7.15E-02 1.61E-01 1.67E-01 
G5-S6 0.173 1.68E-01 1.68E-01 1.66E-01 1.44E-01 1.14E-01 1.68E-01 
G5-S8 0.144 1.51E-01 1.59E-01 1.71E-01 1.48E-01 1.40E-01 1.47E-01 
















Table A7 - 6. Percentage of damage runs with detected damage at each station for Trial CT2. 
Sensor 
Location 
Percentage of Runs with Damage Detected 
Undamaged Girder 1 Corrosion Girder 2 Fracture Deck Delamination 
Case U Case 1a Case 1b Case 1c Case 2 Case 3a Case 3b 
G1-S2 20 20 20 20 20 25 20 
G1-S6 15 15 15 10 85 15 15 
G1-S8 20 20 20 20 20 20 20 
G1-S10 20 20 20 25 20 20 20 
G2-S2 30 30 30 25 35 35 30 
G2-S4 25 25 25 25 30 35 30 
G2-S6 35 40 45 45 100 40 35 
G2-S8 25 30 30 25 30 25 25 
G2-S10 30 30 25 30 40 30 30 
G3-S2 20 25 30 30 20 25 20 
G3-S4 30 30 30 30 30 30 30 
G3-S6 25 25 25 25 45 25 25 
G3-S8 30 30 30 30 30 30 30 
G3-S10 30 30 30 35 30 30 30 
G4-S2 35 35 25 30 35 35 25 
G4-S4 40 40 40 40 35 40 40 
G4-S6 35 35 35 35 40 35 35 
G4-S8 35 35 35 35 35 35 35 
G4-S10 30 35 35 35 35 35 30 
G5-S2 35 40 40 40 45 35 35 
G5-S6 35 35 35 35 35 35 35 
G5-S8 30 35 35 35 35 30 30 
G5-S10 40 40 40 40 45 40 40 
AVERAGE 29.1 30.4 30.2 30.4 38.0 30.7 28.9 
 
 
 
 
 
